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INTERPRETATION OF PERFORMANCE NUMBERS 


Students should record their Performance Number for each program, along with the 
name of the program, and turn it in to the instructor. The Performance Number for 


each program is decoded as described in the following pages. 


The official site for the distribution of the modules is 
http://www.engin.umich.edu/~cre/icm 


Please report problems to icm.support @umich.edu. 


Performance Number Interpretation: CRE modules 
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ICMs with Windows? interface 


Module Format Interpretation Example 
KINETIC CHALLENGE I 
CzBzzAzz Score = 1.5 * AB.C Perf. No. 2 75241692 
z = random numbers Score = 1.5*(62.7) = 94 9 


Note: 7596 constitutes mastery. 


KINETIC CHALLENGE II 
CzBzzAzz Score = 2.0 * AB.C Perf. No. = 03776467 
z = random numbers Score = 2.0*(47.0) = 94 % 
Note: 75% constitutes mastery. 
MURDER MYSTERY 
ZZAZZ A even: Killer and victim Perf. No. = 50732 
correctly identified Score: No credit 
A odd: Killer and victim 
not identified 
2 = random numbers 
Note: An even number for the middle digit constitutes mastery. 
TIC TAC TOE 
zDzCzBzA Score = 4.0 * AB.C Perf. No. = 77803581 


2 = random numbers Score = 4*(15.0) = 60 
configuration 7 completed 


Configurations 


Note: Student receives 20 points for every square answered correctly. 
A score of 60 is needed for mastery of this module. 


GREAT RACE 


zzzCzABz Score = 6.0 * AB.C Perf. No. = 77738078 
2 = random numbers Score = 6*(07.3) = 44 


Note: A score of 40 is needed for mastery of this module. 


Performance Number Interpretation: CRE modules 
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ECOLOGY 


AzBCzaaD 7 = random numbers 
а = random characters 


A gives info on r^2 value of the student's linearized plot 
A=Y if r42 >= 0.9 
А-А 10.9 > г^2 >= 0.8 
A=X if 0.8 > 1^2 >= 0.7 
A=F if 0.7 > 142 
=Q if Wetland Analysis/Simulator portion has not been completed 


B gives info on alpha 

B=1 to 4 => student's alpha < (simulator's alpha + 0.5) 

B=5 to 9 => student's alpha > (simulator's alpha + 0.5) 

В-Х if Wetland Analysis/Simulator portion has not been completed 


C indicates number of data points deactivated during analysis 

C=number of deactivated data points if at least 1 point has been deactivated 
C=a randomly generated letter from A to Y if 0 points deactivated 

C=Z if Wetland Analysis/Simulator portion has not been completed 


D gives info on solution method used by student 

D=1 if polynomial regression was used 

D=2 if differential formulas were used 

D=3 if graphical differentiation was used 

D=4 to 9 if Wetland Analysis/Simulator portion has not been completed 


Perf No. = A7213DF2 

1) А => 0.9 > 142 >= 0.8 

2) 2 => student's alpha < (simulator’s 
alpha + 0.5) 

3) 1 => one data point was 
deactivated 

4) 2 => differential formulas were 
used 


STAGING 
ZCBzAFzED 2 = random numbers Perf. No. = 2125482913 


Final conversion = 2*AB.C conversion = 2*42.] = 84.2 
Final flow rate = 2*DE.F flow rate = 2*31.2 = 62.4 


Please make a pass/fail criterion based on these values. 
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ICMs with Dos? interface 


Interpretation 


A=2,3,5,7: interaction done 

B=2,3,5,7: intro done 

C=2,3,5,7: review done 

D denotes how much they 
did in the interaction: 


D«2 Not done 

2 « D:5 4 Dependences 

4 « D:5 6 Parameter values 
6«D Mechanism 

2 = random numbers 


Example 


Perf. No. = 8027435 

A: Worked on interaction 

B: Looked at intro 

C: Looked at review 

D: found parameter values, 
didn't find mechanism 


Note: Performance number given only if student goes through the 


interaction portion of the module 


Perf. No. = 53607 
Score » 85 96 


А even: score > 85 % 
2. = random numbers 


Note: Student told they have achieved mastery if their score is greater than 


Module Format 
HETCAT 
zzABzCD 
HEATFX1 
ZZAZZ 
85% 
HEATFX2 


Perf. No. = 407582 
Interaction not completed 


A even: completed interaction 
z = random numbers 


ZZZÁZZ 


Note: Performance number given only if student goes through the 
interaction portion of the module. 
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Solutions for Chapter 1 – Mole Balances 


Synopsis 


General: The goal of these problems are to reinforce the definitions and provide an understanding of the 
mole balances of the different types of reactors. It lays the foundation for step 1 of the algorithm in Chapter 


P1-3. 


Р1-4. 


Р1-5. 


Р1-6. 


Р1-7. 


Р1-8. 


This problem helps the student understand the course goals and objectives. 
Part (d) gives hints on how to solve problems when they get stuck. Encourages 
students to get in the habit of writing down what they learned from each chapter. 


It also gives tips on problem solving. 


Helps the student understand critical thinking and creative thinking, which are 
two major goals of the course. 


Requires the student to at least look at the wide and wonderful resources 
available on the CD-ROM and the Web. 


The ICMs have been found to be a great motivation for this material. 

Uses Example 1-1 to calculate a CSTR volume. It is straight forward and gives 
the student an idea of things to come in terms of sizing reactors in chapter 4. An 
alternative to P1-15. 


Straight forward modification of Example 1-1. 


Helps the student review and member assumption for each design equation. 


P1-9 and P1-10. The results of these problems will appear in later chapters. Straight 


Р1-11. 


P1-12. 


forward application of chapter 1 principles. 


Straight forward modification of the mole balance. Assigned for those who 
emphasize bioreaction problems. 


Can be assigned to just be read and not necessarily to be worked. It will give 
students a flavor of the top selling chemicals and top chemical companies. 
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P1-13. 


Р1-14. 


P1-15. 


P1-16. 


Р1-17. 


РІ-18. 


Will be useful when the table is completed and the students сап refer back to it 
in later chapters. Answers to this problem can be found on Professor Susan 
Montgomery’s equipment module on the CD-ROM. See P1-17. 


Many students like this straight forward problem because they see how CRE 
principles can be applied to an everyday example. It is often assigned as an in- 
class problem where parts (a) through (f) are printed out from the web. Part (g) 
is usually omitted. 


Shows a bit of things to come in terms of reactor sizing. Can be rotated from 
year to year with P1-6. 


Open-ended problem. 
I always assign this problem so that the students will learn how to use 
POLYMATH/MaLab before needing it for chemical reaction engineering 


problems. 


Parts (a) and (b) are open-ended problem. 


P1-19 and P1-20. Help develop critical thinking and analysis. 


CDP1-A Similar to problems 3, 4, 11, and 12. 
CDP1-B Points out difference in rate per unit liquid volume and rate per reactor 
volume. 
Summary 
Assigned Alternates Difficulty Time (min) 

© Р1-1 AA SF 60 
Р1-2 І SF 30 
€ Pi-3 6) 5Е 30 
Р1-4 O SF 30 
P1-5 AA SF 30 
P1-6 AA 1-15 SF 15 
P1-7 I SF 15 
@ Р1-8 S SF 15 
P1-9 S SF 15 
P1-10 S SF 15 
P1-11 O FSF 15 
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Р1-12 І - Read Only SF 30 
Р1-13 І SF 1 
Р1-14 O FSF 30 
P1-15 О SF 60 
Р1-16 5 5Е 15 
€ Р1-17 AA SF 60 
Р1-18 5 SF 30 
P1-19 O -- 30 
Р1-20 О FSF 15 
CDP1-A AA FSF 30 
CDP1-B I FSF 30 
Assigned 


@ = Always assigned, AA = Always assign one from the group of alternates, 
O = Often, I = Infrequently, S = Seldom, G = Graduate level 


Alternates 
In problems that have a dot in conjunction with AA means that one of the 
problem, either the problem with a dot or any one of the alternates are always 
assigned. 


Time 
Approximate time in minutes it would take a B/B* student to solve the problem. 


Difficulty 
SF = Straight forward reinforcement of principles (plug and chug) 
FSF = Fairly straight forward (requires some manipulation of equations or an 
intermediate calculation). 
IC = Intermediate calculation required 
M = More difficult 
OE = Some parts open-ended. 


"Note the letter problems are found on the CD-ROM. For example A = CDPI-A. 


Summary Table Ch-1 


Review of Definitions and Assumptions 1,5,6,7,8,9 


Introduction to the CD-ROM 1,2,3,4 
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Make a calculation 


Open-ended 


P1-1 Individualized solution. 
P1-2 Individualized solution. 
P1-3 Individualized solution. 
P1-4 Individualized solution. 
P1-5 Solution is in the decoding algorithm given with the modules. 


P1-6 
The general equation for a CSTR is: 
V= Fo — ВА 


-r 
A 
Here гд is the rate of a first order reaction given by: 
ТА = - КСА 


Given : C4 = 0.1Сло , k = 0.23 шіп, vo = 10dm? min’, Ед = 5.0 mol/hr 
And we know that F4 = Cavo and Едо = СдоУо 

=> Cao = Fao/ Vo = 0.5 mol/dm? 

Substituting in the above equation we get: 


у Сано 7 Cao _ (0.5то / dm? дат? / min) -0.10.5то1/ dm? )(10dm? / min) 


kC, (0.23 min *)(0.1(0.5mol / dm?)) 
У = 391.3 dm? 
P1-7 
Na 
| 1 
= — OMA 
-kNa 
Nao 
k =0.23min™ 
МА 
From mole balance: Е = ГА V 
t 
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Rate law: -TA = КСА 


N 
A 
“ТА = к- 
V 
Combine: 
dN 
A 
——— = -kN 
dt A 
t NA 
1 1 
т=0| 14--)|- — dNa 
0 k, NA 
Nao 


at T=0, Nao = 100 mol and T=T, Na = (0.01) №о 


э: aal Nao 
k М, 
= 10100) тіп t 2 20 min 
0.23 


a) The assumptions made in deriving the design equation of a batch reactor are: 
- Closed system: no streams carrying mass enter or leave the system. 
- Well mixed, no spatial variation in system properties 
- . Constant Volume or constant pressure. 


b) The assumptions made in deriving the design equation of CSTR, are: 


- Steady state. 
- Мо spatial variation in concentration, temperature, or reaction rate throughout the vessel. 


с) The assumptions made in deriving the design equation of PFR аге: 
- Steady state. 
- No radial variation in properties of the system. 


d) The assumptions made in deriving the design equation of PBR are: 
- Steady state. 
- No radial variation in properties of the system. 


e) For a reaction, 
A? В 
-Гд is the number of moles of A reacting (disappearing) per unit time per unit volume [=] moles/ 
(Әт). 
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-rA' is the rate of disappearance of species А per unit mass (or area) of catalyst [=] moles/ (time. 
mass of catalyst). 

та” is the rate of formation (generation) of species A per unit mass (or area) of catalyst [=] moles/ 
(time. mass catalyst). 

-ra is an intensive property, that is, it is a function of concentration, temperature, pressure, and the 
type of catalyst (if any), and is defined at any point (location) within the system. It is independent 
of amount. On the other hand, an extensive property is obtained by summing up the properties of 
individual subsystems within the total system; in this sense, -r is independent of the ‘extent’ of the 
system. 


P 1-9 
Rate of homogenous reaction r4 is defined as the mole of A formed per unit volume of the reactor per 


second. It is an Intensive property and the concentration, temperature and hence the rate varies with spatial 
coordinates. 


7 on the other hand is defined as g mol of A reacted per gm. of the catalyst рег second. Here mass of 


catalyst is the basis as this is what is important in catalyst reactions and not the reactor volume. 


Applying general mole balance we get: 


dN, 
“ae ER eub t ШАЙ 


No accumulation and по spatial variation implies 


Also г; = pyrj and УУ = Vp, where py is the bulk density of the bed. 


=> 0=(- E) [r(@aV) 


Hence the above equation becomes 


We can also just apply the general mole balance as 


ам, | 
(Е-Е) + fraw) 
Assuming no accumulation and no spatial variation in rate, we get the same form as 
above: 
W= Fp EN Е, 
Е 
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P1-10 


Mole balance on species j is: 


Е-Е. + | dV С 
i 4j Р. me 
1 1 | 1 dt 


7 


Let M j^ molecular wt. of species j 


Then F юМ j = Wjo = mass flow rate of j into reactor: 


ММ, =m, = mass of species j in the reactor 


Multiplying the mole balance on species j by M j 


V ам, 
Е,М,-ЕМ,4М, [гау =M, - 
0 


Now М j is constant: 


(Ге d(M,N,) ат) 
Е,М,-ЕМ,- Pona amn e a 


у ат, 
Wig — W; t Pago па 


Р1-11 
Applying mole balance to Penicillin: Penicillin is produced in the cells stationary state (See Chapter 7), so 
there is no cell growth and the nutrients are used in making product. 


Let’s do part c first. 
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[In flowrate (moles/time)] penicinin + [generation rate (moles/time)]penicitin — [Out flowrate (moles/time)] 


penicilin = [rate of accumulation (moles/time) [іс 


dNp 
Fin + Gp = Fp out Se ty 
dt 
Баш0..................................(Бесапве no penicillin inflow) 
у 
G, = | г, АУ 
Therefore, 
y 
ам 
Ї, ау = Bp out = ЖАР 
dt 


Assuming steady state for the rate of production of penicillin in the cells stationary state, 


P1-12 (a) 


Ranking of 10 most produced chemicals in 1995 and 2002 are listed in table below: 


Rank 2002 


=> Chemicals like Н, , P205 , С2Н,СІ, has come in top 10 chemicals and СН, has jumped to rank 


5 now then rank 9 in 1995. 


P1-12 (b) 
Ranking of top 10 chemical companies in sales in year 2003 and 2002: 


Chemical Sales 
($ million 2003) 


2003 2002 Company 


1 


3 
4 
5 
6 


Dow Chemical 


ExxonMobil 
General Electric 
Chevron Phillips 


| Equistar Chemicals 
{il Air Products 


Eastman Chemicals 


||| | 
| 
| 


ке | ол 


7 
8 
9 
1 


ho 


source: Chemical and Engineering News may 17,2004 


“> We have Chevron Phillips which jumped to 5 rank in 2003 from 8" rank in 2002 and Air 


Products coming to 9th rank in 2003 from 11" in 2003. 


Э Chemical sales of each company has increased compared to year 2002 from 9906 (Eastman 
Chemical) t028.296 (Chevron Phillips) but Huntsman Corp. has a decrease by 2.9%. 


P1-12 (c) 


Sulfuric acid is prime importance in manufacturing. It is used in some phase of the manufacture of nearly all 
industrial products .It is used in production of every other strong acid. Because of its large number of uses, 


it's the most produced chemical. Sulfuric acid uses are: 


>It is consumed in production of fertilizers such as ammonium sulphate (NH4)2SO, and 
superphosphate (Са(Н,РО,)›) , which is formed when rock phosphate is treated with sulfuric acid. 


Э Used as dehydrating agent. 


> Used in manufacturing of explosives, dyestuffs, other acids, parchment paper, glue , purification 


of petroleum and picking of metals. 


Э Used to remove oxides from iron and steel before galvanizing or electroplating. 


> Used in non-ferrous metallurgy, in production of rayon and film. 
=> аз laboratory reagent and etchant and in storage batteries. 
It is also general purpose food additive. 


P1-12 (d) Annual Production rate of ethylene for year 2002 is 5.21х 1019 Ib/year 
Annual Production rate of benzene for year 2002 is 1.58 x 10'° Ib/year 
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Annual Production rate of ethylene oxide for year 2002 is 7.6 x10? Ib/year 


P1-12 (e) Because the basic raw material ‘coal and petroleum’ for organic chemicals is very limited and 
their production is not increasing as production of raw material for inorganic chemicals. 
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Phases 


Characteristics 


1. Liquid 
phase 

2. Gas 
phase 

3. Liquid 
Solid 


All the reactants 
fed into the 
reactor. During 
reaction nothing 
is added or 
removed. Easy 
heating or 
cooling. 


Usage 


1. Small scale 
pdn. 

2. Used for lab 
experimentation. 
3. 
Pharmaceuticals 
4. Fermentation 


1, Liquid 
phase 

2. Gas — 
liquid 

3. Solid - 
liquid 


Continuous flow 
of reactants and 
products. 
Uniform 
composition 
throughout. 


1. 
Primarily 
gas Phase 


One long reactor 
or number of 
CSTR’s in 
series. 

No radial 
variations. 

Conc. changes 
along the length. 


1. Used when 
agitation required. 
2. Series 
Configuration 
possible for 
different 
configuration 
streams 


1. Large Scale 
pdn. 

2. Fast reactions 
3. Homogenous 
reactions 

4. Heterogeneous 
reactions 

5. Continuous 
pdn. 


Tubular reactor | 1. Gas 
that is packed Phase 
with solid (Solid 
catalyst Catalyst) 
particles. 2.Gas – 
solid 
reactions. 


1. Used primarily - 


in the 
heterogeneous gas 
phase reaction 
with solid catalyst 
e.g Fischer 
tropsch synthesis. 


Advantage 


1. High 
Conversion per 
unit volume. 

2. Flexibility of 
using for 
multiple 
reactions. 

3. Easy to clean 
1. Continuous 
Operation. 
2.Good 
Temperature 
Control 

3. Two phase 
reactions 
possible. 
4.Good Control 
5. Simplicity of 
construction. 

6. Low 
operating cost 
7. Easy to clean 
1. High 
conversion per 
unit volume 

2. Easy to 
maintain (No 
moving parts) 
3. low 
operating cost 
4. continuous 
operation 

1. High 
conversion per 
unit mass of 
catalyst 

2. low 
operating cost 
3, Continuous 
operation 


Disadvantage 


1. High 
Operating 
cost. 

2. Variable 
product 
quality. 


1. Lowest 
conversion 
per unit 
volume. 

2. By passing 
possible with 
poor 
agitation. 

3 High power 
Input reqd. 


1. Undesired 
thermal 
gradient. 

2. Poor 
temperature 
control 

3. Shutdown 
and cleaning 
expensive. 


1. Undesired | 
thermal 
gradient. 

2. Poor 
temperature 
control 

3: 

Channeling 
4. Cleaning 


1 expensive. Ж 


| 
| 
| 


P1-14 


Given 
А-2510 ft? Тар = 491.69R 
V =4*10" f? T-5347^R 
3 
R - 07302 4? f 
фто] R уд = 0.02 
С = 4*10° cars 


Ес = СО м Santa Ana wind 


ft 
уд = 3000—— рег car at STP 
h 


r 
P1-14 (a) 
Total number of Ib moles gas in the system: 
PoV 
RT 
х 13 53 
= ша ) 21.025 x 10! Ib mol 
0.73-20 |534 бор 
lbmol.R 
P1-14 (b) 
Molar flowrate of CO into L.A. Basin by cars. 
у, СВ 
Ед = yak = у, 2 
| КТ; 


3000 ft? Ито 


Е, -------х----- x 400000 cars (See appendix B) 


hrcar 359 f? 
Fa = 6.685 x 10* Ib mol/hr 


P1-14 (c) 

Wind speed through corridor is v = 15mph 

W = 20 miles 

The volumetric flowrate in the corridor is 

Vo = v. W.H = (15x5280)(20x5280)(2000) Ли 
= 1.673 x 10" В Лт 


H = 2000 ft 


Po = latm 


C, -2.04%107% s 


FA = CO emission from autos 


P1-14 (d) 
Molar flowrate of CO into basin from Sant Ana wind. 
Ес = Үр С 


= 1.673 x 10? f/hr x2.04 x10 Ibmol/f 
Fs = 3.412 x 10?Ibmol/hr 


P1-14 (e) 
ME | | ам, 
Rate of emission of CO by cars + Rate of CO by Wind - Rate of removal of CO = os 
dC 
Po + FK - С. = p (V=constant, М, = С.У) 
t 
P1-14 (£) 
t=0 М C, ын Co 
t C 
ја = у {Sx 
^ с» Бк ету. 
zt У, Е, ҮЕ, VC о 
Vo КАРУ, 
Р1-14 (о) 
Time for concentration to reach 8 ppm. 
ӘЛЕ Ыш о 
4 ft 
From (f), 
t ev. EF, + EF; ~Vo-Ceoo 
V, Е, + Е, Ca 
: 671x104 27701 +3 4x10 РЇ _ 1 673x108 JE f -X204x10*—^ 210 
Е 4 ft 5 hr hr 
= in| AA? ——__ = 
1673x109 © | б.лх10* Pr 3.4x107 mor | со е 51х10* бна 
hr hr hr 
t= 6.92 hr 
P1-14 (h) 
(1) t = 0 4 = 72 hrs 
С» = 2.00E-lO0Ibmol/fí а = 3.50E+04 Ibmol/hr 
y = 1.67E+12 ft /hr b = 3.00E+04 Ibmol/hr 
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Е, = 341.23 Ibmol/hr У =4.08+13 f? 


а + 2: + F - v,Co = y ew 


dt 
Now solving this equation using POLYMATH we get plot between С,, vs t 


See Polymath program Р1-14-һ-1.роі. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 72 72 

с 2.0Е-10 2.0Е-10 2.134Е-08 1.877Е-08 
“0 1.67Е-12 1.67Е+12 1.67Е+12 1.67Е+12 
а 3.5E+04 3.5E+04 3.5E+04 3.5Е+04 
b 3.0Е+04 3.0Е+04 3.0Е+04 3.0Е+04 

Е 341.23 341.23 341.23 341.23 

У 4.0E+13 4.0Е+13 4.0Е+13 4.0Е+13 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(C)/d(t) = (a+b*sin(3.14*t/6)+F-v0*C)/V 


Explicit equations as entered by the user 
[1] vO = 1.67*10412 
[2] a= 35000 
[3] 6 = 30000 
[4] F=341.23 
[5] V24*10^13 


3.0e-8 


2.4e-8 | "c 
1.8e-8 
1.2e-8 


6.0e-9 


0.0e+0 
0 


о 
dt 
Now solving this equation using POLYMATH we get plot between C,, vs t 


Q) t-48hs Ё=0 а + 2163 - у,С, = V—— 
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See Polymath program Р1-14-һ-2.роі. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 48 48 

с 2.0Е-10 2.0Е-10 1.904Е-08 1.693E-08 
v0 1.67Е%12 1.67Е+12 1.67Е-12 1.67Е+12 
а 3.5Е+04 3.5Е+04 3.5Е+04 3.5Е+04 

b 3.0Е+04 3.0Е+04 3.0Е+04 3.0Е+04 

V 4.0H+13 4.0Е-13 4.0Е+13 4.0Е+1.3 


ODE Report (RKF45) 


Differential equations as entered by the user 
(11 d(C)/d(t) = (a«b*sin(3.14*t/6)-v0*C)/V 


Explicit equations as entered by the user 
[1] vO = 1.67*10^12 
[2] a=35000 
[3] b=30000 
[4] V=4*10413 


2.0e-8 


1.6е-8 


12е-8 


8.0e-9 


4.0e-9 


(3) 
Changing а "> Increasing ‘a’ reduces the amplitude of ripples in graph. It reduces the effect of the 
sine function by adding to the baseline. 


Changing b > The amplitude of ripples is directly proportional to ‘b’. 
As b decreases amplitude decreases and graph becomes smooth. 


Changing уо 3 As the value of vo is increased the graph changes to a “shifted 
sin-curve". And as v, is decreased graph changes to a smooth 
increasing curve. 


P1-15 (a) 
– тд К with К = 0.05 mol/h dm? 


CSTR: The general equation is 
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== LA 
Here C4 = 0.01Сло , Vo = 10 dm*/min, F4 = 5.0 mol/hr 
Also we know that Fa = Cavo and Едо = Сдоуо, Cao = Рло/ vo = 0.5 mol/dm? 
Substituting the values in the above equation we get, 


Сауу, — Cavo _ (0.510 —0.01(0.5)10 


үз- 
К 0.05 
> V 299 dm? 
PFR: The general equation is 
dF dC ,v 
А = ү, = k , Now Fa = Cavoand Fag = Слом => - an --Д 
dV dV 


Integrating the above equation we get 


Yo ^ у Yo 
29 јас, = [dV > У -2-9(C,, - C4) 
Кс ја 0 k 
Hence V = 99 dm? 

Volume of PFR is same as the volume for a CSTR since the rate is constant and independent of 
concentration. 


P1-15 (b) 
- та = КСА with К = 0.0001 67 


CSTR: 
We have already derived that 
y -Eao Cao VC, 07 0.01) 
eur. КС, 


К = 0.00015! = 0.0001 x 3600 ћг = 0.36 hr? 


у = dm’ /hr)(0.5mol/ dm? )(0.99) ЖЕТЕК 
ae tag a ee Ті С Бі m 
(0.36Ahr !)(0.01* 0.5mol / dm?) 


PFR: 
From above we already know that for a РЕК 
dC У 
dV 
Integrating 
C У 
Vo ас 
M | AS сш | dV 
k Cao С, 0 
уу, С 
0140 = у 
КС, 


Again К = 0.0001s = 0.0001 x 3600 ћг = 0.36 hr“ 
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Substituing the values in above equation we get 


У = 127.9 аш? 
Р1-15 (с) 
-ТА= kCA? with К = 3 dm"/mol.hr 
CSTR: 
y -Eao Cao v Cas (070.01) 
=r, kC 


Substituting all the values we get 


= i => V = 66000 dm? 
(Зат? IhrX0.01*0.5mol/dm]y " 


PFR: 
dC ‚у 2 
тау 92%, 
Integrating 
С, ү 
Yo pace = – [ау коо лие. 
Кс СА 0 k С, Cro 
py E ЕР E E E шар 
E Зат? Imol.hr 0.01С, Cay — 
P1-15 (д) 
СА = .001C ao 
t А0 dN 
Na —ү A4 


Constant Volume У=Уу 


=. 


Zero order: 


1 .999C 
= |С, —0.001C,, |= 2224 = 9.997 
k 2 2 0.05 


First order: 
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t= ын Сю - saxi = 6908 5 
k (С,) 0.001 (.001 
Second order: 


көл езен сыз] обн 
k|C, C4] 310.0005 05 


P1-16 Individualized Solution 


P1-17 (a) 

Initial number of rabbits, x(0) = 500 
Initial number of foxes, y(0) = 200 
Number of days = 500 


dx 

ИУ —  — (1) 
d 

E cr cos = КУЙ ANN EUR) 
Given, 

k, = 0.02day ! 


К, = 0.00004 /(day x foxes) 

К, = 0.0004 /(day x rabbits) 

k, = 0.04day ' 

See Polymath program P1-17-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 500 

x 500 2.9626929 519.40024 
y 200 1.1285722 4099.517 
ki 0.02 0.02 0.02 

k2 4.0E-05 4.0E-05 4.0Е-05 
k3 4.0E-04 4.0E-04 4.0E-04 
k4 0.04 0.04 0.04 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(x)/d(t) = (K1*x)-(K2*x*y) 
(21 d(y)/d(t) = (k3*x"y)-(k4*y) 
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final value 


500 
4.2199691 
117.62928 
0.02 
4.0Е-05 
4.0Е-04 
0.04 


Explicit equations as entered by the user 
[11 k1=0.02 
[2] k2 = 0.00004 
[3] КЗ = 0.0004 
141 k4=0.04 


5000 


0 100 200 300 400 500 


" rabbits 


"foxes 


0 160 320, 480 640 800 


Plotting rabbits Vs. foxes 
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378 720 1061 " аы 9 1744 2086 


P1-17 (b) 
POLYMATH Results 
See Polymath program P1-17-b.pol. 


POLYMA TH Results 
NLES Solution 


Variable ___ Value " f(x) | | Ini Guess 
x 2.3850387 2 5ЗЕ-11 2 
У 3.7970279 1.72Е-12 2 


NLES Report (safenewt) 


Nonlinear equations 
(11 f(x) = х^З*у-4*у^2+3*х-1 = 0 
[2] Ку) = 6*y^2-9*x*y-5 = 0 


—— ————————————————— HEB 


P1-18 (a) 


No preheating of the benzene feed will diminish the rate of reaction and thus lesser conversions will be 
achieved. 


P1-18 (b) 

An interpolation can be done on the logarithmic scale to find the desired values from the given data. 
Now we can interpolate to the get the cost at 6000 gallons and 15000 gallons 

Cost of 6000 gal reactor = 1 905 x 10°$ 

Cost of 15000 gal reactor = 5 623 x 10° $ 


Cost vs Volume of reactor (log - log plot) 


TIT 


P1-18 (c) 
We are given СА 1s 0.1% of initial concentration 
> Ca = 0 001С,0 5 


1-25 log volume (gallons) 


Also from Example 1 3, 


V= Yo y Са, 
ET 


Substituting vo- 10 dm?/min and 
k = 0.23 тіп! we get 


V = 300dm? 


which is three times the volume of reactor used in Example 1-3. 


P1-18 (d) Safety of Plant. 


P1-19 Enrico Fermi Problem - no definite solution 
P1-20 Enrico Fermi Problem - no definite solution 
P1-21 Individualized solution. 


СОР1-А (а) | 
How many moles of A are in the reactor initially? What is the initial concentration of A? 

If we assume ideal gas behavior, then calculating the moles of A initially present in the reactor is quite 
simple. We insert our variables into the ideal gas equation: 


PV _ _ (20ат)(200ат?) ELE 


" RT | КРа.ат” latm 


| = 97.5moles 
8.3145 аа соо 
ток 


Knowing the mole fraction of A (удо) is 75%, we multiply the total number of moles (N1,) by the ya: 
molesA = М, = 0.75х97.5 = 73.1 


The initial concentration of A (Сдо) is just the moles of A divided by the volume: 


— moles: = Nao = — = 0.37moles | dm? 
volume У 200dm 
CDP1-A (b) 
Time (t) for a 17 order reaction to consume 99% of A. 
ME 
dt 
Our first order rate law is: РЕЙС 
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aja 1% 


9 Cao A 


mole balance: “а =-kC, => 


-Ю = «(2 , knowing Сд-0.01 Сдо апа our rate constant (k=0.1 min’), we can solve 
Ao 


for the time of the reaction: t = -Їїц00 1) = шини. = 46.1 min 
k 0.1min 
CDP1-A (c) 
Time for 2nd order reaction to consume 80% of А and final pressure (P) at T = 127 С. 
rate law: -r, = 0С? 
t (9) 
са 1 1 
mole balance: 2. 964. = -kC; ш>-К | dt = І Са => - = -— + — 
dt 0 Cis С, C, С, 
We сап solve for the time in terms of our rate constant (k = 0.7) and our initial 
concentration (Cao): — —kt=— 2 t : 
С, C, 
4 4 


= — = =15.4 min. To determine 
С, (0.7dm’ | mol min)(0.37mol / ат?) 


the pressure of the reactor following this reaction, we will again use the ideal gas law. 
First, we determine the number of moles in the reactor: 


N, =N, +N, +N, + М =0.25N,, +0.2N,,+N,+Ne 


N, = №. =0.8N,, 
М, = (0.25) №,, + (0.2+0.8+0.8)№„, = 0.25(97.6) + (1.8)(73.2) = 156. 1moles 


3 
извод | 0.082 Еа ойт 500K) 
Е ы ши 
ү 200dm 
CDP1-B 


Given: Liquid phase reaction in a foam reactor, A >B 


Consider a differential element, AV of the reactor: 
By material balance 


F,- (F, +AF,)=-r,(1-e)AV 
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Where, (1 — е)АУ = fraction of reactor element which is liquid. 


or: -Е,--қ(1-е)АҮ 
dF 
1 p =r, (l-e) 


Must relate (—7,) to F}, 
where, F ais the total (gas +liquid) molar flow rate of A. 
—r, rate of reaction (g mol A per cubic cm. of liquid per sec.); е = volume fraction of gas; F, = molar 


flow rate of A (g mol/sec.); V = volume of reactor 
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Solutions for Chapter 2 - Conversion and Reactor 


Sizing 


Synopsis 


General: The overall goal of these problems is to help the student realize that if they have —rA-f(X) they 
can "design" or size a large number of reaction systems. It sets the stage for the algorithm developed in 


Chapter 4. 


Р2-1. 


Р2-2. 


Р2-3. 


Р2-4. 


Р2-5. 


Р2-6. 


Р2-7. 


Р2-8. 


Р2-9. 


Р2-10. 


Р2-11. 


Р2-12. 


CDP2-A 


This problem will keep students thinking about writing down what they learned 
every chapter. 


This “forces” the students to determine their learning style so they can better use 
the resources in the text and on the CDROM and the web. 


ICMs have been found to motivate the students learning. 


Introduces one of the new concepts of the 4" edition whereby the students 
"play" with the example problems before going on to other solutions. 


This is a reasonably challenging problem that reinforces Levenspiels plots. 


Novel application of Levenspiel plots from an article by Professor Alice Gast at 
Massachusetts Institute of Technology in CEE. 


Straight forward problem alternative to problems 8, 9, and 12. 
To be used in those courses emphasizing bio reaction engineering. 


The answer gives ridiculously large reactor volume. The point is to encourage 
the student to question their numerical answers. 


Helps the students get a feel of real reactor sizes. 


Great motivating problem. Students remember this problem long after the 
course is over. 


Alternative problem to P2-7 and P2-9. 
Similar to 2-9 
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CDP2-B Good problem to get groups started working together (e.g. cooperative 
learning. 


CDP2-C Similar to problems 2-8, 2-9, 2-12. 


CDP2-D Similar to problems 2-8, 2-9, 2-12. 


Summar 
Assigned Alternates Difficulty Time (min 
P2-1 O 15 
© p2-2 A 30 
© Р2-3 A 30 
P2-4 O 75 
P2-5 O M 75 
Р2-6 5 M 60 
e p2-7 AA 8,9,12 FSF 45 
P2-8 S FSF 45 
P2-9 AA 7,9,12 SF 45 
Р2-10 5 | SF 15 
Ө Р211 AA SF 1 
P2-12 AA 7,8,9 SF 60 
CDP2-A O 9,B,C,D FSF 5 
CDP2-B O 9,B,C,D FSF 30 
CDP2-C O 9,B,C,D FSF 30 
CDP2-D O 9,B,C,D FSF 45 
Assigned 


€ = Always assigned, AA = Always assign one from the group of alternates, 
O = Often, I = Infrequently, S = Seldom, G = Graduate level 


Alternates 
In problems that have a dot in conjunction with AA means that one of the 
problems, either the problem with a dot or any one of the alternates are always 
assigned. 


Time 
Approximate time in minutes it would take a B/B* student to solve the problem. 


Difficult 
SF = Straight forward reinforcement of principles (plug and chug) 
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FSF = Fairly straight forward (requires some manipulation of equations or an 
intermediate calculation). 

IC = Intermediate calculation required 

M = More difficult 

OE = Some parts open-ended. 


"Note the letter problems are found on the CD-ROM. For example A = CDPI-A. 


Summary Table Ch-2 


Straight forward 1,2,3,4,10 
Fairly straight forward 

More difficult 

Open-ended 6 


Comprehensive 4,5,6,7,8,9,12 


Critical thinking 


P2-1 Individualized solution. 
P2-2 individualized solution. 
P2-3 Solution is in the decoding algorithm given with the modules. 


P2-4 (a) Example 2-1 through 2-3 
If flow rate Fao is cut in half. 
У! = у/2‚ Fy= Fao/2 and Cao will remain same. 
Therefore, volume of CSTR in example 2-3, 
У = ЕХ = 1Ғ,Х = 164 =32 
ep... 2 
If the flow rate is doubled, 
Е, = 2Ело and Cao will remain same, 
Volume of CSTR in example 2-3, 
У, = F)X/-t4 = 12.8 m? 


P2-4 (b) Example 2-5 


Levenspiel Plot 


45 q— = 


0 T | 
0 02 04 06 08 1 
Now, Fao = 0.4/2 = 0.2 mols, а 
Е 
New Table: Divide each term Ae in Table 2-3 by 2. 
-1, 
Х zi | 0.6__ 
[FAo/-rA (m) 0.445 0.545 0.665 1.025 177 1253 
Reactor 1 Reactor 2 
V; = 0.82m? V2. = 3.2 m? 


У = (Едо/-гА)Х 


0.82 = ЕЗ (x1) 
“a Jx 


By trial and error we get: 
X, = 0.546 and Х,-08 
Overall conversion Хоа = (1/2)X, + (12)Х = (0.546+0.8)/2 = 0.673 


Р2-4 (с) Example 2-6 
Now, Fao = 0.4/2 = 0.2 mol/s, 


Fao/2 x1 


New Table: Divide each term 


оО 


[FAo/-rA (m) 0.445 


= 0.551ш? 


9. in Table 2-3 by 2. 


0.4 0.6 
[0.665 ____ 1.025 177 


у» = 1.614 т? 


[07 |08 | 


Plot FAy/-rA versus conversion. Estimate outlet conversions by computing the integral of the plotted 
function. 


Рао/-га 


Levenspiel Plot 


603 for V, 


= 0,551 т3 


X; = 0.89 for V; = 1.614m? 


Overall conversion Хо = (1/2)X, + (1/2)X; = (0.603+0.89)/2 = 0.746 


P2-4 (d) Example 2-7 


(1) 


For PFR, 


V 


02 
F AO 


0774 


= 0.222m° 


For first CSTR, 


Levenspiel Plot 


1.5 T 
e. | 
1 
0 5 ТЕ MATHERS, Л ita ГОЛЧ 
о : 
0 0.1 02 03 04 05 0.6 
Conversion 
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сарај иза. FM p 


Е 

X,20.6, -49--1.22т?, 
—rA 

For second CSTR, 


F 
Хұ-065, 42 =2.0m’, 
—7А 


(2) 


First CSTR remains unchanged 
For PFR: 


0.5 
о2 TA 
Using the Levenspiel Plot 


VprR = 0.22 


For CSTR, 


ee m. 


Vestr =" = 0.3иг 
-rA 


(3) The worst arrangement is to put the PFR 


Ма Fo X). т? 
—ГА 

V3= Pio (5, X) = 0.1? 
—rA 


Levenspiel Plot 


0 0.1 0.2 0.3 04 0.5 06 07 
Conversion 


first, followed by the larger CSTR and finally the smaller CSTR. 


(203; 


Using trapezoidal rule, 
Xo = 0.1, X, = 0.1 


- Original Reactor Volumes —  — Worst Arrangement _ EN 
Х1-0.20 V1 = 0.188 (CSTR) 
V2 = 0.38 (РЕВ) 


УЗ = 0.10 (CSTR) 


Worst Arrangement 
V1 = 0.23 (РЕК) 
V2 = 0.53 (CSTR) 


АНА] 


= “2 [1.28 +0.98]т? 


= 0.23т? 
For CSTR, 
Рао 3 Fo 3 
For X; = 0.6, 42 =1.32m’, V, —42(X, – X, )= 132(0.6- 0.2) = 0.53 m 
-rÀ “ЧД 
For 2™ CSTR, 
Е 
For X; = 0.65, —42 = 2m’, V3 = 0.1 n? 
Er 


P2-4 (e) Example 2-8 
T = 5hrs 
Vo = 1dm?/min = 60dm/hr C4 = 2.5 mol/dm? X = 0.8 


V 
For CSTR, T = — 


2 Сард _ 2.5х0.8 molida hr 


= 0.Ато1/ dm? hr 
(2) V = 300dm? 
(Э)СА = Сло(1-Х) 
= 0.5 mol/dm? 


P2-5 | 
4162 
Fao-rA(m) | 08 110 113 
У = 1.0 т 


Р2-5 (а) Two CSTRs in series 
For first CSTR, 
У = (Pad/-taxi) Xi 
=> ХІ = 0.44 
For second CSTR, 
У = (FAy-rax2) (X2 — Xi) 
=> X2 = 0.67 


9 01 02 03 04 05 06 07 08 09 


P2-5 (b) 


Two PFRs in series 


4 
X X5 
у = [A је ја 
0Х77А x TA 2 Б 
By extrapolating and solving, we get E 
X; = 0.50 Х, = 0.74 EN 2 
(223 
P2-5 (c) ar) 
Two CSTRs in parallel with the feed, Fao, 1 те 
divided equally between two reactors. FAugw/- Luder 
Taxi = 0.5Еқо/-Тахі 
У = (0.5Fao/-taxi) Х, 0 T T T T 
Solving we get, Xou = 0.60 0 02 0.4 X 0.6 0.8 
P2-5 (d) 


Two РЕКв in parallel with the feed equally divided between the two reactors. 
Fanew/-taxi = 0.5 Едо/-Ғахі 

By extrapolating and solving as part (b), we get 

Хш = 0.74 


P2-5 (e) 
A CSTR and а PFR are in parallel with flow equally divided 


Since the flow is divided equally between the two reactors, the overall conversion is the average of the 


CSTR conversion (part C) and the PFR conversion (part D) 
X, = (0.60 + 0.74) / 2 = 0.67 


P2-5 (f) 

A РЕВ followed by a CSTR, 
Xprr = 0.50 (using part(b)) 
У = (PAd-ra.xcsiR) (Хсѕтв — Хрек) 
Solving we get, Xcstr = 0.70 


P2-5 (g) 
А CSTR followed by a РЕК, 
XcstR = 0.44 (using part(a)) 
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X per F 
X CSTR TA | 
By extrapolating and solving, we get Хьь = 0.72 


P2-5 (h) 

A 1 т? РЕВ followed by two 0.5 m? CSTRs, 

For PFR, 

Xpg = 0.50 (using part(b)) 

CSTRi: V = (Fao/-ta-xcste) (Хсѕтк — Хә) = 0.5 m? 
Хсете = 0.63 

CSTR»: У = (Рлу-та хезтво) (Хсзткә — Xcsrei) = 0.5 m? 
Xcstr2 = 0.72 


Р2-6 (а) Individualized Solution 


P2-6 (b) 


1) In order to find the age of the baby hippo, we need to know the volume of the stomach. 
The metabolic rate, -r4, is the same for mother and baby, so if the baby hippo eats one half of what the 


mother eats then Fao (baby) = % Fao (mother). 
The Levenspiel Plot is drawn for the baby hippo below. 


Autocatalytic Reaction 


mao/-raM1 


Conversion 


Е FaoX | 1.36 


V, — 1034 = 023m 


aby ~~ 
A 


Since the volume of the stomach is proportional to the age of the baby hippo, and the volume of the baby’s 
stomach is half of an adult, then the baby hippo is half the age of a full grown hippo. 


_ 4.5 years 


Age = 2.25 years 


2) If Vmax and m,, are both one half of the mother’s then 


1 Catal ytic Reaction 
— m 
AD nother 
т, = 2 
“Ғам2 “Там? 
апа віпсе 
У nax C, 
АМ? then 
K AC, 
1 
AM Zbaby = K С BE 2 Там mother 0 Ја 2 0 A 
M + А Conversion 
— m 
A 
Mio == 2 : = ma 
F 1 =p 
AM? baby --ңҒам? АМ? / mother 
2 mother 
Ma, 


will be identical for both the baby and mother. 
“Там? 


Assuming that like the stomach the intestine volume is proportional to age then the volume of the intestine 
would be 0.75 m? and the final conversion would be 0.40 


P2-6 (c) 


3 
V stomach = 0.2 m 


From the web module we see that if a polynomial is fit to the autocatalytic reaction we get: 


m 3 
——AX = 127X* - 172.36Х 3 + 100.18X? - 28.354Х + 4.499 
“Там 
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: Mao 
And since V stomach = X, 
Tau 
solve V= 127X? - 172.36X* + 100.18X° - 28.354X? + 4.499X = 0.2 m? 
Xstomach = 067. 


For the intestine: 
The Levenspiel plot for the intestine is shown below. The outlet conversion is 0.178 


Since the hippo needs 30% conversion to survive but only achieves 17.8%, the hippo cannot survive. 


Autocatalytic Reaction 
Catalytic Reaction 
= Mag 
5 Tame 
т 
8 2 
Е 
ni 
1 
0 X=0178 — 
Conversion Conversion 
P2-6 (d) 
PFR CSTR 
PFR: 


Outlet conversion of PFR = 0.111 
Autocatalytic Reaction 


Catalytic Reaction 
Mag 

Tame Б 
2 ї 
8 
m? E 

1 

0 Х-0111 
Conversion 
Conversion 
CSTR: 


2-11 


We must solve 
V = 046 = (Х-0.111)(127Х* - 172.36X? + 100.18X? - 28.354Х + 4.499) 
X=0.42 


Since the hippo gets a conversion over 30% it will survive. 


P2-7 


Exothermic reaction: A > В + С 


r(mol/dm?.min 


Х ) 1/-r(dm?.min/mol) 
0 1 1 
0.20 1.67 0.6 
0.40 5 0.2 
0.45 5 0.2 
0.50 5 0.2 
0.60 5 0.2 
0.80 1.25 0.8 
0.90 0.91 14 
Р2-7 (а) 


To solve this problem, first plot 1/-rA vs. X from the chart above. Second, use mole balance as given below. 


CSTR: 


Е.Х (300то1/ тіп 0.4) 


Mole balance: М... = = => 
анж, =й (5то1/ ат? тіп) 


=>Усжтк = 24 dm? 


РЕК: 


Ура = Fao Е- Ira 


Mole balance: 


= 300(area under the curve) 04 0.6 


Veer =72 dm? 


P2-7 (b) 


For a feed stream that enters the reaction with a previous conversion of 0.40 and leaves at any conversion 
up to 0.60, the volumes of the PFR and CSTR will be identical because of the rate is constant over this 
conversion range. 


6 6 
Е F F 6 
Vo = | 40. dx =. [ax =—4® | 
4 ТА ТА 4 ын ғ, | 
40 0.60 
Сезар 
2727" 
04 06 
x | 
Р2-7 (с) 
Vestr = 105 dm? 
Е.Х 
Mole balance: Ук, = AO 
THA 
X 105dm? 


— = —————— = 0.35dm’ min/ mol 
—r, 300то!/ min 


Use trial and error to find maximum conversion. 


At X = 0.70, 1/-rA = 0.5, and Х/-гА = 0.35 dm3.min/mol 
Maximum conversion = 0.70 

P2-7 (d) 

From part (a) we know that X, = 0.40. 


Use trial and error to find X3. 


Ға (Ж; - Xi) 


Mole balance: У = 


– г, ” 
Rearranging, we get 
X,-040 У ов 
“Talx, Fao 
-l/r& 
X, —0.40 
At X; = 0.64, —#®——— = 0.008 
= |Б 


Conversion = 0.64 


P2-7 (e) 


From part (а), we know that X, = 0.40. Use trial and error to find X3. 


X х 

8 dX ға 
Mole balance: Ур, = 72 = Fay | = 300 | = 
040 7A 040^ lA 


At X; = 0.908, V = 300 x (area under the curve) 
=> У = 300(0.24) = 72dm? 
Conversion = 0.908. 


P2-7 (f) 
See Polymath program P2-7-f.pol. 
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0.32 
0.39 
0.26 
0.13 
0-00 20 40 V 60 80 100 
P2-8 (a) 
yea 

a ғұ 
Fso = 1000 g/hr 

1 dm’ hr 
At a conversion of 40% = 0.15- 
7-75 8 


Therefore У = (0.15)(1000)(0.40) = 60 dm’? 


P2-8 (b) 
А 1 dm’ hr 
At a conversion of 80%, -—— = 0.8--——- 
— Fs 8 
Ес = 1000 g/hr 


Therefore V = (0.8)(1000)(0.80) = 640 ат? 


From the plot of 1/-rs Calculate the area under the curve such that the area is equal to V/Fsp = 80 / 1000 = 
0.08 


Х = 12% 
FoX 


Х/-г, = 0.08. From guess and check we get X = 55% 


For the 80 dm? CSTR, V = 80dm? = 
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P2-8 (d) 

To achieve 80% conversion with a CSTR followed by a CSTR, the optimum arrangement is to have a 
CSTR with a volume to achieve a conversion of about 45%, or the conversion that corresponds to the 
minimum value of 1/-1,. Next is a PFR with the necessary volume to achieve the 80% conversion following 
the CSTR. This arrangement has the smallest reactor volume to achieve 80% conversion 


For two CSTR's in series, the optimum arrangement would still include a CSTR with the volume to achieve 
a conversion of about 45%, or the conversion that corresponds to the minimum value of 1/-r,, first. А 
second CSTR with a volume sufficient to reach 80% would follow the first CSTR. 


P2-8 (e) 
k 

-r = Ёоо сы d Се = 0.1[C,, – C, ]+ 0.001 
Ky tC; 


à КИТС, 
1.2. Ky tC; Е 


r, kC, (0-С, – C, |+ 0.001) 


Let us first consider when Сс is small 


Cso is a constant and if we group together the constants and simplify 


Ки +C; 
Hen ee cd 
г, КС; +k,Cs 


5 


since Cs < Км 


1 Кы 


rn kC? +k,Cs 


$ 


which is consistent with the shape of the graph when X is large (if Cs is small X is 
large and as Cs grows X decreases). 
Now consider when С; is large (X is small) 


As Cs gets larger Cc approaches 0: 


C, «0.1[C;, – С; |+0.001 and. С, «С,, 


If — r, QUARC then _ 1 _ Ки +С 
коље. СС 


5 
As Cs grows larger, Cs >> Км 


And since Сс is becoming very small and approaching 0 at X = 0, 1/-1, should be increasing with Cs (or 
decreasing X). This is what is observed at small values of X. At intermediate levels of Cs and X, these 
driving forces are competing and why the curve of 1/-rs has a minimum. 


Р2-9 
Irreversible gas phase reaction 
2А+ВӘ 2С 


See Polymath program P2-9.pol. 
P2-9 (a) 


РЕК volume necessary to achieve 50% conversion 
Mole Balance 


X, X 

X, (7r 4) Е 
Volume = Geometric area under the curve of (Едо/-гА) a 
ysa 89) 
үс 3 х 400000х 05) + (100000х 0.5) Ии та 
V = 150000 m* —— 
P2-9 (b) 


CSTR Volume to achieve 50% conversion 
Mole Balance 


У = 0.5 x 100000 


V = 50000m° 
P2-9 (c) 
Volume of second CSTR added in series to achieve 80% 
conversion sod dons t ts 24 
27 Fao 

(- TA) ME aene terrd NT 
У, = 500000 x (0.8 — 0.5) ПА А НУ UN d 
V2 = 150000m? 100.0004 


04 ИИ. 
© 0% 0203 0405 06 07 08 09 10 


x 
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P2-9 (d) 
Volume of PFR added in series to first CSTR to achieve 
80% conversion 


Vopr = C x 400000 0.3) + (100000х 0.3) 


Мрев = 90000m? PM ÉCRAN 


Fao 1 


500.000 € ИЕ 


“ҒА — 300000 ]--—— + - 
3) р 
Р2-9 (е) (m) 200 000 omm Ае 
For CSTR, 
У, = 60000 m? (CSTR) 
Mole Balance 


100.000 4, 


For PFR, 
V; = 60000 m* 
Mole balance Ёк 


X, dX “TA 3000004---- 
ИЕ. 4 : 
1 29) ИЛЭН БЭЭР D 

Eqn. Of 2™ line (sloping upwards) - 


у-100000-1.3х10%х-0.5) 


400 CCO 4 


X, 
60000 = [(1.3x 10°(х- 0.51) +100000) ах 
X, 
=> X, = 0.746 


P2-9 (f) 
Real rates would not give that shape. The reactor volumes are absurdly large. 


Чинээ 2-10 involves estimating the volume of three reactors from a picture. The door on the side of the 
building was used as a reference. It was assumed to be 8 ft high. 

The following estimates were made: 

CSTR 

В = 56ft d=9 ft 


У = nôh = n(4.5 #)2(56 ft) = 3562 # = 100,865 L 
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РЕК 


Length of опе segment = 23 ft 

Length of entire reactor = (23 ft)(12)(11) = 3036 ft 
D=1 ft 

V = лгћ = л(0.5 ft) (3036 ft) = 2384 fÊ = 67,507 L 


Answers will vary slightly for each individual. 
P2-11 No solution necessary. 
P2-12 (a) 


The smallest amount of catalyst necessary to achieve 80 % conversion іп а CSTR and PBR connected in 
series and containing equal amounts of catalyst can be calculated from the figure below. 


во 
Ый 
4 
о 
8 
g CSTR 
al и 
‚л ШІ PBR 
i 4 19 


Conversion, Х 


The lightly shaded area on the left denotes the CSTR while the darker shaded area denotes the PBR. This 
figure shows that the smallest amount of catalyst is used when the CSTR is upstream of the PBR. 


See Polymath program P2-12.pol. 
P2-12 (b) 


Calculate the necessary amount of catalyst to reach 80 % conversion using a single CSTR by determining 
the area of the shaded region in the figure below. 
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Conversion, X 
The area of the rectangle is approximately 23.2 kg of catalyst. 
P2-12 (c) 


The CSTR catalyst weight necessary to achieve 40 % conversion can be obtained by calculating the area of 
the shaded rectangle shown in the figure below. 


{kg cataiyst) 


Fao 
Er 


Conversion, X 


The area of the rectangle is approximately 7.6 kg of catalyst. 


P2-12 (d) 
The catalyst weight necessary to achieve 80 % conversion in a PBR is found by calculating the area of the 
shaded region in the figure below. 
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{kg catalyst) 


Fao 
-Ар 
zr 


2 E & 8 19 
Conversion, X 


The necessary catalyst weight is approximately 22 kg. 
P2-12 (e) 


The amount of catalyst necessary to achieve 40 % conversion in a single PBR can be found from calculating 
the area of the shaded region in the graph below. 


Conversion, X 


The necessary catalyst weight is approximately 13 kg. 


P2-12 (f) 
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0.0 = 
0.0 6.4 12.8 у 


Р2-12 (2) 
For different (-гд) vs. (X) curves, reactors should be arranged so that the smallest amount of catalyst is 
needed to give the maximum conversion. One useful heuristic is that for curves with a negative slope, it is 
generally better to use a CSTR. Similarly, when a curve has a positive slope, it is generally better to use a 
PBR. 


CDP2-A (a) 
Over what range of conversions are the plug-flow reactor and CSTR volumes identical? 
We first plot the inverse of the reaction rate versus conversion. 


iei 8 Р 
22 E 
ТА Fa 
ғ ~ 9 2-4 
| m? es) v 
9. 2 
i mol | 2 
5. 4 ‘ 
>. 
d cus Se) antral ne Ld ышы. Eten esten ОЕ 
9 0.2 0.4 0.6 0.8 1.0 


Conversion X 


Mole balance equations for a CSTR and a PFR: 


ЕА 2 
CSTR: V=—42— РЕВ: У = а 
m^ 07 ГА 


Until the conversion (X) reaches 0.5, the reaction rate is independent of 
conversion and the reactor volumes will be identical. 
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| 
| 
| 
| 
| 
| 
| 
i 
i 
i 


05 dX 05 FX 
ie. Уррр = A Ло [АХ = —9— 
0-7, "Мо TrA 


= Усутв 


CDP2-A (b) 
What conversion will be achieved in a CSTR that has a volume of 90 L? 
For now, we will assume that conversion (X) will be less that 0.5. 
CSTR mole balance: 


_ РлоХ _ С^ 


ү 
TFA ТА 
V 0.09m? К 
Х с a ета о B 
VoC ao m mo m.s 
C 5—х200——х3х10° — 
— 74 5 т mol 
CDP2-A (с) 
This problem will be divided into two parts, as seen below: 
07 в 
ст, 
5. 


у menm мерна einen 
o 9. dd 0.6 0.8 1.0 
Conversion Х 


" The РЕВ volume required in reaching X=0.5 (reaction rate is independent of conversion). 


_ FaoX _ УоСлоХ. 


TTA TTA 


V, =1.5x10"'m? 


" The РЕВ volume required to go from X=0.5 to X=0.7 (reaction rate depends on conversion). 
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ыг 


M usines (ы ыйы. oF јеж 2х), 


: mol 
= 10?m'([sco. 7 —2(0.5 ]- [500.5 - 2«0.55]) 


=8*10“ п? 
Finally, we add У to У, and get: 
Уи = Vi + V2 = 2.3 x10" m? 
CDP2-A (d) 


What CSTR reactor volume is required if effluent from the plug-flow reactor in part (c) is fed to a CSTR to 


10“ 8 


T 
А 


ý а ~ 
ПРЕ 
m ei 


mol | 


ü.4 Q6 0.8 
raise the conversion to 90 % Conversion X 


We notice that the new inverse of the reaction rate (1/-rA) is 7*108. We insert this new 
value into our CSTR mole balance equation: 


— ТА — ТА 
CDP2-A (e) 


If the reaction is carried out in a constant-pressure batch reactor in which pure A is fed to 
the reactor, what length of time is necessary to achieve 40% conversion? 


Since there is no flow into or out of the system, mole balance can be written as: 


dN , 
dt 


Mole Balance: r,V = 
Stoichiometry: №, = N 4g (1 — X) 
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ағы ERES UT i a aaa cts 


X 
Combine: rV = N ao ах 


dt 


From the stoichiometry of the reaction we know that V = Vo(1+eX) and e is 1. We insert 
this into our mole balance equation and solve for time (t): 


-=r Yo је 
Nag dt 
t X dX 
(E ус ане 
0 9-ғ(1-Х) 


After integration, we have: 


О ао 


ud d 


Inserting the values for our variables: 
{= 2.02 x 10's 
That 1s 640 years. 


CDP2-A (f) 


Plot the rate of reaction and conversion as a function of PFR volume. 


The following graph plots the reaction rate (-rA) versus the PFR volume: 


Reaction Rate (ra) versus Reactor Volume (V) 
| 4.0%10: 
| 
NT алы ы шылы НЕН, 
A 3,0*10-2 
| mol 
| mes 
2.0%10:9. 
йына E ЖҚ! 
1.0%10-8 
0----------- -------.-------------а 
9 1.07410 2.0*1011 3.071011 4.0*1011 5.0%1011 
V (т3) 


Below is а plot of conversion versus the РЕК volume. Notice how the relation is 
linear until the conversion exceeds 50%. 
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Conversion (X) versus Reactor Volume (V) 
1.0 
0.8 
x 
0.6 
0.4 
0.2 
0-- м—кы ыыы 
9 1.0“ 409. 2.0"1011 3.0*1011 4.0*1011 5.0%1011 
3 
PERTENECER ды сез салы эй сл 5з, с ee ш 


The volume required for 99% conversion exceeds 4%1011 m’. 


CDP2-A (g) 


Critique the answers to this problem. 


The rate of reaction for this problem is extremely small, and the flow rate is quite large. To obtain the 
desired conversion, it would require a reactor of geological proportions (a CSTR or PFR approximately the 
size of the Los Angeles Basin), or as we saw in the case of the batch reactor, a very long time. 


CDP2-B Individualized solution 


CDP2-C (a) 

59 

= 

Е 

d 3 

|2 

Git 2 X03 
i 
oer eres evar Gr oF teas ВЕКУ 

Conversion, X 
{5} 


{в} 


For an intermediate conversion of 0.3, Figure below shows that а РЕК yields the smallest volume, since for 
the PFR we use the area under the curve. A minimum volume is also achieved by following the PFR with a 
CSTR. In this case the area considered would be the rectangle bounded by X =0.3 and X = 0.7 with a height 
equal to the Сло/-гА value at X = 0.7, which is less than the area under the curve. 


CDP2-C (b) 
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v = 50 l/min 
¥ wow тү, where 


e 


I area considered in part а. 


P 3 £ Кы 
' : о 
I = 29 at + (0.7-0.3) AD 


6 A A X«0.7 
= (0.3 - 0)(10) + = (0.3-0) (50-10) + (0.7-0.3) (15) 
ж 15 min 


* 
Ho V = v. I = (50 l/min) (15 min) = 750 1 = 750 За. 


CDP2-C (c) | 
The smallest асса can be achieved by using only one CSTR with this system, 
: 1 
I = (0.7-0.0) ~A® = (0.7-0)(15) = 10.5 mia 
Tr 
А x-0.7 


So Ұш “о T ж (50) l/min (10.5) зіп = 525 1 
We would further reduce the total volume by using a PFR at first up to the 


conversion that gives the sama C aO! 77A аз 390,1. 


CDP2-C (d) 


2-27 


To obtain equal CSTR and РЕҢ volumcs the агза under the curve must be sequal 
to the ашса of the rectangle пр to the specified conversion. 
By trial and error wa заа that 20.45 is а solution. For the CSTR, 


с 


I = (0.45-0) 220 = (0,4550) (37) = 16.65 min 
А тол 
So Уау I= (50 l/min)(16.65 min) = 832.5 1 
For the PFR, 
-" |“ d 
0 “Жд 


Using Simpson's rals 


5.05 (10 + 4(15) + 2020) + 4635) + 2063) + 4048) + 2050) + 


Т = 
4(48) + 2(43) + 37) 


i m (10 + 4(15 + 35 + 48 + 48) + 2(20 + 43 + 50 + 43) + 37) = 15.72 


So V» vit = (50 1/min) (15.72 шіп) = 786 1 8% difference, pretty cl 


There is also a solution at an 120.7 


Try ХА” 0.8 
For the CSTR 


І = (0.8-0)(33) = 26.4 mia 


For the PFR 
9. cC 
т = | as at 
9 ғы 
ын (10 + 4(20) + 2043) + 4550) + 2(43) + 4532) + 2(17) 


+ 4615) + 33) 


" о. (10 + 4(20 + 50 + 32 + 15) + 2643 + 43 + 17) + 33) = 23.9 min 


Try 150.13 
For tha CSTR 
I (0.19)(30) = 23.7 min 


So V= v Г = (50 1/шіл)(23.7 кіп) = 1185 1 (dm?) 
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For tha РЕВ 


І = 23.9 — 5 (0.8-0.79)(30+33) = 23.9 ~ 0.315 = 23.58 шіп 


So V = vol = (50 1/шіл)(23.58 шіп) = 1179 1 


0.5% difference 


CDP2-C (e) 
С 
iis 9 
S LG Cu m _ Сл 
Ve M" Cuk 
x 0,0 0.1 9,2 0.3 0.4 0,5 
Слой -= Ааа) 10 20 43 50 43 32 
timin} 0.0 2.0 8.6 15.0 17.2 16.0 
39 
25 
20 
tau (min) 13 


мэ ээг — шанд 
в y у 
Ф 


The graph yields three possible steady states 


1, - 0,235, 2, = 0,525, and x, 0.730. 
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0.6 0.7 


17 15 
10.2 10.5 


26 E 


CDP2-D 
Data taken at 1013 kPa (10 atm) and 227°C (500.2 K) 


5 P _ (033310) 


ya, 70.333 Са == = 0.08113 gmol/dm* 


7 (0.082X500.2) 


002 ? [0.000001 | 


100000 ; 
80000 4 


40000 Һ------ 


0 0.2 0.4 
X 


VOR RAT verter APRESS ne omen seien 


0.6 


CDP2-D (a) 


30% conversion in РЕВ: 


03 y Ж 
Torr = Са o = 4,664.84 5 => У =v t= (4664.84 ив 2 m/min )= 153.5 m? 
EET ‚ 605 


CDP2-D (b) 


30 to 50% conversion in CSTR: 


См у 7 X, 1 : 
Тота =“ ыс ) =12,169.2s => Места = (12,169.25 T. |: m?/min )= 405.64 ш” 
AZ 


CDP2-D (c) 
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Total Volume: 


Ура = 155.5 + 405.6 = 561.1 m? 


CDP2-D (d) 
60% conversion in PFR: 
9% ta 
| = = 20,281.98 => У, = (202819 T Ё т?/тїп )= 676.06 m? 
D ^A 


80% conversion in PFR: 


r, is not known for X>0.60 — can not do. 


CDP2-D (e) 
50 % in CSTR: 


~ < 
t=C,,——— = 30,422.95 


А 


У=ут= болға». e p та?/ттїп )= 1014.1m? 


ге 


CDP2-D (f) 
50 to 60% conversion in CSTR: 


7 Газ 
У=у,л = (8112.8 Эр m/min )= 270.4 га? 
$ 


CDP2-D (2) 
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Rate of Reaction vs. Volume 
108-05 үсэг 


2 50896 }-\—— 


255.06 p—— 


ODE G00 Акын тынын eee ah СЫ 
200 400 600 300 


Volume ( m) 


CDP2-D (h) 
Critique 
Answers are Valid: 


1. Constant Temperature and Pressure 
No heat effects 
No pressure drop 


€—— 


Conversion vs. Volume 


ба а ed Јања 
02 NONI PET AM 


0 200 400 600 800 | 


Volume (m) 


sn тои пионы ушы че по оте инте оно ани fae 


2. Single interpolation to X, = 0.15, 0.30, 0.45, and 0.50 allowable 
3. Huge volume (the size of the LA Basin)! Raise T? Raise P? 


CDP2-E 
For the CSTR: 


Area = У = 1200 dm 


From the graph we can see that X, = 0.60 
For the PFR: 


У, = E.G -X) = F (Area under curve) 


3 
Area under curve = V, = 600 dm 


From the graph we can see that X, = 0.80 


i — ———————  ——— ag 
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CDP2-F (a) 


Find the conversion for the CSTR and PFR connected in series. 


400 L CSTR and 100 L PFR Feed is 41% A, 41% B, and 18% I. 


Р=10ат T=227C=500K 

Сы- 2 ши “Бэхи гтэ = 0.244 mol/L. 
RT (0.082 L- aum/mol - K)(500 К) 

С. = 0.41C, = 0.41(0.244 mol/L) = 0.1 том, 

Е, =v C,, = 1 L/s(0.1 mol/L) = 0.1 mol/s = 6 mol/min 


There are two possible arrangements of the system: 
1. CSTR followed by the PFR 
2. PFR followed by the CSTR 


Case 1: CSTR — РЕВ. 


CSTR: V =F (Area) 


Area = 32-20 = 66.67 
Ғы б 


From the graph - X, = 0.36 
РЕК: У,-Е,(Агеа under curve) 
100 


У 
Area under curve = — = === = 16.667 
Ао 


From the graph - X, =0.445 


————— nine ыыы аана i нн — 


Case 1: CSTR --> РЕҢ Case 2: РЕВ --> CSTR 
500 500 
400 400 4--- 
300 2300 

= 200 5 200 

100 ў 100 |- 

o НЕНА | i 0 

0.0 0.2 0.4 0.6 0% 1.0 

x 
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Case 2: РЕВ -> CSTR 


РЕВ: Area under curve = 16.67 
From the graph - X, = 0.259 
CSTR: Area = 66.67 
From the graph - X, = 0.515 
CDP2-F (b) 
Two 400 L CSTR's in series. 


СЗТВЇ: У =F (Ага) 

Area = 66.67 

From the graph - X, = 0.36 
CSTR2: Area = 66.67 

From the graph - X, = 0.595 


(b) Two CSTR's in Serie (c) Two CSTR's in Parallel 
500 + NOR 500 4 = eae 
400 | 400 1--- = ~ 
2300 2300 MS 
= 200 |- 5 200 
100 + 100 892883 
ов 52 — NNNM o МЕ Nn 
0.0 02 04 66 0% 1.0 0.0 02 04 06 0.8 1.0 
| | 
CDP2-F (с) 


Two 400 L CSTR's in parallel. 
To each CSTR goes half of the feed. 


Е, = 6/2 = 3 mol/min 
У =F (Area) 


Area = 2: = ax = 133.3 
Ё 3 


Ao 
From the graph: Х = 0.52 
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CDP2-F (d) 
РЕВ: V=F,,(Area under curve) 


From the graph we can find the area under the curve for a conversion of 0.60: 
.60)(300 
Area = ce Е 2) = 90 


У = (2 mol/min)(90) =180 L 


—— ттт Ан ттт a о р м RIG и: не отына 


(d) Single РЕК 


0.0 0.2 0.4 0.6 05 1.0 
x 


CDP2-F (e) 


Pressure reduced by a factor of 10. 


A decrease in pressure would cause a decrease in the overall concentration which 
would in turn cause a decrease іп С, and Р, By looking at the design equation: 


223 ТА 


it is apparent that to compensate for the decrease in Е, there would be and increase 
in X 


CDP2-F (f) 


Use the graph of 1/-г, vs. X to find values for all volumes. (Assume a flow rate of 
| mol/min.) Generate the following table and graphs: 
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(D Conversion vs. Volume 


vitem ке» c ne 


0 100 у 200 


CDP2-F (g) Individualized solution 


300 
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(D -ra vs. Volume 


Solutions for Chapter 3 - Rate Law and Stoichiometry 


P3-1 Individualized solution. 


P3-2 (a) Example 3-1 


0.003 - 
0.002 
0.001 233 | 
0 т Ф шалиг, dmm MAH Heg + “р 
310 315 320 325 330 335 
T(K) 
For E = 60kJ/mol For E, = 240kJ/mol 
— 600007 — 2400007 
k 21.32x10/5 exp) ----- k1=1.32x10"° exp ——— —— 
ЕТ RT 
Е = 60 kj/mol 
E = 240 kj/mol 
ALAHA HE D AIPE КҮН VE E ТЕКЛИК qund 
8554242 5000000 | 
ЗЕ-22 
253 _ 4000000 | 
$ 2E: = 3000000 
LI x 
пара | 2000000 
1000000 
5Е-23 
000295 0.003 0.00305 00031 000315 00032 0.00325 0.00295 0.003 0.00305 00031 000315 0.0032 0.00325 
1/T (1/K) A/T (Ж) 


P3-2 (b) Example 3-2 Yes, water is already considered inert. 


3-1 


P3-2 (c) Example 3-3 

The solution to the example at a conversion of 20% would remain unchanged. For 90 % conversions of the 
caustic soda, the final concentration of glyceryl sterate is 0 instead of a negative concentration. Therefore 
90 % of caustic soda is possible. 


P3-2 (d) Example 3-4 A + 5%, — са + ар 
а а а 


1/3 


So, the minimum value of Фр = b/a = E = 0.33 


P3-2 (e) Example 3-5 
For the concentration of М to be constant, the volume of reactor must be constant. V = Vo, 


1 | 05(1-0Л4Х): 


Plot: — = 
-r  (1- XY0.54-0.5X) 
1((-га) vs X 
180 p 5 E Eb. КЕСИ 
„| | 
но | 
120 | 
© d | 
= a 
"| 
40 
20 | 
ob ——  — À GREASE ЭР eee IERI eee НИ 1 
0 02 04 06 08 1 12 
X 


The rate of reaction decreases drastically with increase in conversion at higher conversions. 


P3-2 (f) Example 3-6 
For a given conversion, concentration of B is lower in flow reactor than a constant volume batch reactor. 
Therefore the reverse reaction decreases. 
Сто = constant and inerts are varied. 
№0. <> 2NO, 
А © 2B 


2 
В,е 


Cae 
Stoichiometry: € = Улод = 40 (2-1 = Удо 


Constant volume Batch: 


Equilibrium rate constant is given by: Кс =- 


3-2 


- X 
201201 = =C x- X) and С, 222722 
Vo Vo 


Plug flow reactor: 
_ Ро @а-Х) С,0(1- Х) _ 2ЕбХ 2С,Х 


^ wr) (+=) ~ " wee) 4X) 


С, 


AO 


P. 
= 740-0 – y (0.07176)mol | dm’ 
RT, 
Combining: For constant volume batch: 


С.  4C? x? Ras 
к. = Bye as Ao . => Х, id e X,) 
Сл; Сл -Х) АС, 


For flow reactor: 


2 
== Сре 


2 2 = 1 
ЕЕ па а сг 1, Же [Ec Gs ес) 
Сы С.4-Х)1-4Х) 4С» 


See Polymath program P3-2-f.pol. 


POLYMATH Results 
NLES Report (safenewt) 


Nonlinear equations 
[1] f(Xeb) = Xeb - (kc*(1-Xeb)/(4*Cao))^0.5 = 0 
[2] f(Xef) = Хе! - (кс*(1-Хе?)*(1-+ерѕ*Хе?/(4*Сао))^0.5 = 0 


Explicit equations 

[1] yao z1 

[2] kc 2 0.1 

[3] Сао = 0.07174*уао 
[4] eps = yao 


=2C 4X 


Equilibrium Conversion 


y inerts 
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то с 1 = 


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 


0.537 
0.5547 


P3-2 (g) No solution will be given 


P3-2 (h) 
1 1 
Аз---В->--С 
"TA 2 
[dm у 
т 
Rate law: — r, = JI OF and КА = 25—| —— 
51 mol 

LEN ie – 250 20, = Kaa Св _ ЁС, Съ 
-1 -1/2 1/2 1/2 -1/2 

1| дт? 
ko = kp =12.5—| —— 

s\ mol 
P3-2 (i) 
А+ЗВ —>2С 
Rate law: — Г) = k АС С р at low temperatures. 
At equilibrium, 

С Є 
Ke а СЕ. = gon p тс =0 
Са» Cre C 


a efe 1/2 1/2 C 
At equilibrium, -rą = 0, so we can suggest that — У, = k 9 [c A C B = с. 


But at t= 0, Сс=0 
So the rate law is not valid at = 0. 
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Next guess: 


2 2 
2 С,е С 
Кс 30r САС; Є 2“ 
Cae В,е K C С, 
2 
S—7, =k, С.С, Cc - 
с Св 
which satisfies both the initial conditions and equilibrium rate law. 
2 
Сс | | 
Hence — 7, = К, САС, — ———у | is the required rate law. 
с VB 


P3-4 (a) 
Note: This problem can have many solutions as data fitting can be done in many ways. 
Using Arrhenius Equation 
For Fire flies: 


2.80 


Flashes/ | In(flash 
min es/min 2.66 


Plotting In(flashes/min) vs 1/T, 224 


we get a straight line. 


See Polymath program P3-4-fireflies.pol. 


For Crickets: 


chrips/ | In(chirps/ 
min i 


Plotting In(chirps/min) Vs 1/T, 

we get a straight line. 

> Both, Fireflies and Crickets data 

follow the Arrhenius Model. 

In y — A + B/T , and have the same activation energy. 


See Polymath program P3-4-crickets.pol. 
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" м (Chips) 


3 ме = : 
3.33E-3 3.36E-3 3.3953, 3.42Е-3 3.45Е-3 3.48Е-3 


P3-4 (b) 


For Honeybee: 


БЕЛЕ ви АНИ 
10° 

Se [er [em 
э [uer 


Plotting In(V) Vs 1/T, almost straight line. 

In(V) = 44.6 — 1.33E4/T 

At T = 40°C(313K) У = 6.4cm/s 

At T = -5°C(268K) V = 0.005cm/s(But bee 
would not be alive at this temperature) 


See Polymath program P3-4-bees.pol. 


P3-4 (c) 


For ants: 


Plotting In(V) Vs Т, 
almost straight line. 
See Polymath program P3-4-ants.pol. 


So activity of bees, ants, crickets and fireflies follow 
Arrhenius model. So activity increases with an 


26 


14 


0.8 


0.2 


-0.4 


-1.0 
3.25E-3 3.27Е-3 ЕЕ 3.33E-3 3.36E-3 


2.0 


14 


-10 
322Е-3 328E- 3 LHE г 341E-3 3.47Е-3 3.53Е-3 


increase in temperature. Activation energies for fireflies and crickets are almost the same. 


Insect _ | Activation Energ 


P3-4 (d) 
There is a limit to temperature for which data for any one of he insect can be extrapolate. Data which would 
be helpful is the maximum and the minimum temperature that these insects can endure before death. 
Therefore, even if extrapolation gives us a value that looks reasonable, at certain temperature it could be 


useless. 


P3-5 


There are two competing effects that bring about the maximum in the corrosion rate: Temperature and 
HCN-H5SO, concentration. The corrosion rate increases with increasing temperature and increasing 
concentration of HCN-H5SO, complex. The temperature increases as we go from top to bottom of the 
column and consequently the rate of corrosion should increase. However, the HCN concentrations (and the 
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HCN-H2S04 complex) decrease as we go from top to bottom of the column. There is virtually no HCN in 


the bottom of the column. These two opposing factors results in the maximum of the corrosion rate 
somewhere around the middle of the column. 


P3-6 Antidote did not dissolve from glass at low temperatures. 


P3-7 (a) 


If a reaction rate doubles for an increase in 10°C, at T = Т, let = К, and at T = T; = Т,+10, let k = К = 
2k,. Then with К = Ае АТ in general, k= Ас and k, = Ае *'®® or 


k, ва) UU а | 


La TT, 

Therefore: 

k, 
E = R =--> Spe Nace ЦЭВ ed. 

(T,-T,) 10 
10Е 
T (T, +10)= 
(2500) Rin2 
10E°° 


which can be approximated by Т ------ 
Кіһ2 
P3-7 (b) 
T 
Equation 3-18 is k = Де 57 


From the data, at T, = О°С, k, = Ae F'Rh апа at T; = 100°C, k, = Ae Е! 


о... D 
Dividing gives — = е 


о. АИ tes 22, 2. 
E (5-5) К, 
1, 1 


k 
LJ 
Ес Үй i ta 
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1.996 |[273 К][373К] 
155: 


фе то! К А o0) 7o60 2 
100 К 001 mol 
Е 7960-41 
А-Қет 210? min" exp "01 — | = 2100 min 
ЗЫ к) 
mol K 


P3-7 (с) Individualized solution 


P3-8 


When the components inside air bag are ignited, following reactions take place, 


2МаМ, — 2Ма + 3М,.....................9..тау) 
10Na + 2КМО. — К2О + 5М№Ма,О + М..................Һ1..0) 
K,O + Мао + SiO, -> alkaline silicate glass .......................(3) 


5x rxn(1) + rxn(2) t rxn(3) = rxn(4) 
NaN; + 0.2КМОз + 0.1510 > 0.4Na,0 + 1.6№ + complex/10.........(4) 
Stoichiometric table: 


Given weight of NaN; = 150g My: of NaN; = 65 
Therefore, no. of moles of NaN; = 2.3 


1 moles of NaN; requires 0.2 mole of KNO; 
=> Moles of B, КМО = 0.2(2.3) = 0.46 moles М, of KNO; = 101.1 
Therefore, grams of KNO; required = 0.46 x 101.1 = 46.5 g 


1 moles of NaN; requires 0.1 mole of SiO. 
Moles of C, SiO, = 0.1(2.3) = 0.23 moles Ми of SiO; = 60.08 
Therefore, grams of 5102 required = 0.23 x 60.08 = 13.8 g 


Following proposals are given to handle all the un-detonated air bags in cars piling up in the junkyards: 
е Store cars in cool, dry, ventilated areas. 
e Avoid Physical damage of the bag in car. 
e It is stable under ordinary conditions of storage. Decomposes explosively upon heating (over 
221? For 105? C), shock, concussion, or friction. 
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e Conditions to avoid: heat, flames, ignition sources and incompatibles. 


P3-9 (a) 
dx : : 
From the web module we know that 2 = К(1— х) and that К is a function of temperature, but not a 
t 


linear function. Therefore doubling the temperature will not necessarily double the reaction rate, and 
therefore halve the cooking time. 


P3-9 (b) 
When you boil the potato in water, the heat transfer coefficient is much larger, but the temperature can only 
be 100°C. 


When you bake the potato, the heat transfer coefficient is smaller, but the temperature can be more than 
double that of boiling water. 


P3-9 (c) No solution will be given 


P3-10 (a) | 
1) CH, — СН, + Н, Rate law: -r4 = KC, y. | 
2) CH, + 1/20, — СНО Ratelaw: -ra = АС Су” 
3) (CH;)3COOC(CH3)3 S CoH, + 2CH3COCH; 
A э В + 2C 
Rate law: -ra = k[C4 ~ СС Ке] 


4) п-С,Нуо <> I- САН Rate law: “ТА = қ С cus = Сењ Ка 
5) СН,СООС,Н, + С,Н,ОН € СН:,СООС, Но + С,Н:ОН 
А + B е C + D 


Rate law: Ta = КІСАСв = CcCy/Kc] 


P3-10 (b) | 
2A +В >C | 
(1) Ta = КСАСв? | 
(2) тА = КСь | 
(3) da = К | 
(4) aa = kCACg | 
P3-10 (c) | 
( CH, — СН, + Н, Rate law: -гА = Kon, 
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1/2 
К,С,, Су, 


(2) Н, + Br, — 2HBr Rate law: -ryger = 
k C up, 
yet асты 
Br, 
(3) + L — 2HI Rate law: — ry, = КС н, С n 
P3-11 (a) 
Liquid phase reaction, 
O СН,-ОН 
JUN | 
CH;- CH; + Н:О — СН,--ОН 
А + В > C 
Cao = 1 тона Cpo = 3.47 Ibmol/f 
Stoichiometric Table: 1 
Species Initial Remaining 
Ethylene A Сло=1 Ibmol/ft? -CaoX | Ca= Cao(1-X) 
oxide = (1-Х) Ibmol/ft 
Water B Сво= 3.47 Ibmol/ft', -CaoX Св= Сло( B, -X) 
0,341. -(3.47-X) Ibmol/f 
Glycol C 0 CaoX Сс= СлоХ 
M e сые =X шо" —— 
Rate law: -ra = КСАСв 
Therefore, -ta=k C 22 (1-X)( 8, -X) = k(1-X)(3.47-X) 
At 300K E = 12500 cal/mol, X209, 
0.1 
k = 0.1dm?/mol.s = in 35.315 ft? / Ibmol.s = 0.0035 ft? / Ibmol.s 
Cao% (1)(0.9) | 
Тсзтк = кы — = 1000.56 s” 


= (0.0035)(1)? (1—0.9)(3.47 — 0.9) 
At 350K, 

ЮК = К exp((E/R)(1/T-1/T,))= 0.0035exp((12500/1.987)(1/T-1/T2))= 0.071 dm?/mol.s 
Therefore, 


Си (1)(0.9) 


T = _———— = 49 35! 
cesT e (00700) 0-09)3.47-0.9) | 


P3-11 (b) 
Isothermal, isobaric gas-phase pyrolysis, 
СН; СН, + H, 
А > B +С 


Stoichiometric table: 


Entering 
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FA-FAo(1-X) 


CH, | B |o __| +FsoX [Fe=FaoX | 
H [C [O  ÁsFoX |Fc-FaoX — | 
| | Fro=Fao | | Fr=Fao(1+X) | 
€ =у»д = 1(1+1-1) = 1 
v=V,(1+ € X) => V = у(1+Х) 
Cao = Yao Сто = Yao Rr 
1)(6at. 
- КЕНЕСІ = 0.067 kmol/m? = 0.067 mol/dm? 
00824" |і оқ) 
K.kmol 
Е Е,1Ч-Х 1-X 
Caz 4a _ Ро Ч-Х) _ mE | ) mol/dm? 
у vol X) (1+ X) 
F, X X 
Св moe ЁюОО: де АО ЕЕ: mol/dm 
v vo(l+X) ~ (1+Х) 
Е 
Сс= aC FX) = mol/dm? 
v vyü*X) “° (1+ X) 
Rate law: 
2 1-Х 
МА = КСА = КСло (1 X) =0.067 Que) 
(1+ X) (1 X) 
If the reaction is carried out in a constant volume batch reactor, ->( € = 0) 
Ca =Cao(1-X) mol/dm? | Cg = Cao X mol/dm? Cc = Cao X mol/dm? 
P3-11 (c) 


Isothermal, isobaric, catalytic gas phase oxidation, 


1 
CH, + 29 > СНО 


Ka 37 26 
2 


Stoichiometric table: 


ір 
o-fo.2 7 1 у “Бо. Бо 22 
В” EE ЛАО T ас = 
AO Fio 2 Fio Fio + Ево 3 


Е- Yo == 1-3-1) 0.33 
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с o Fa Ео(1-Х) Со(-Х) 0092(1- X) 
^ vw у (1-еХ) (1-033X) (1-033Х) 
X 
3d Pal aT] бшнп) 


v  v(1+£X) — (1-033X) 
E 27) = 0.092(Х) 
у vo (1*eX) (1-0.33Х) 


If the reaction follow elementary rate law 


0.092(1- x) | [0.046(1- x)” 
Rate law: —r, = ECC =>- = (к et 


(1-0.33Х) 
P3-11 (4) 


Isothermal, isobaric, catalytic gas phase reaction in a PBR 
СН; + 2H; > СН 
А «ЭВ > С 
Stoichiometric table: 


Species 
Benzene | A 

B 
UN a 


0, = B0 AO - 2 
Ко Р 
_ Fio Fo ___1 
о рро 3 
TO Ao T Гво 
1 2 
= Ing =H(1-2-1) =-2 
MEETS DNE ON B UU EN B = 0.055mol / dm’ 
RT A3 atm.dm 
0.082 ———_ (4432К) 
mol.K 


F, Е.(4-Х) С,(1-Х) 0.055(1- X) 


SiS и кет (-2Х) uj 
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с Fa _ Ео(6-2Х) _0-11(1-X) 
P y vo(1+£X) [1-2] 
3 


Ес FoX СХ _ 0.055X 
у 


If the reaction follow elementary rate law. 
Rate law: 
-r =kC, CF 
1-х} 
—r,'=0.0007k = 
22 
3 


For a fluidized CSTR: 


We FX 
= ! 
E FX ES 
1- Xy 
0.0007k xS. 
[ | | x) 
3 
mol 
k= 53 - --- at 300K 
kgcat min atm 


k =k, exp E 1-1 = 53ехр снин 
RIT T 8.314 300 443 


Едо = Cao” Vo 
Vo = 5 dm?/min 


= Сом X 
тта, 
0.0007 —— 5 
ES 
3 
at X = 0.8 


W = 0.0024 kg of catalyst 


vo (1 £X) (-23| [-2х) 


kgcat min atm’ 


P3-12 CH, + 50, > С,Н,О 


1 
А + —В > С 
2 


Stoichiometric table for the given problem will be as follows 


- FaoX Ело(1-Х) 
-1/2 ЕХ Ел0(Өв – X/2) 


не, 
їр 
А A0 
ө, x d 0, c p pr mcg qp 
Fao 2 Fio 0.21 021 
F 
Уло = 4 = 0.30, E= y 490 = -0.15 
Его 
Уло? mol 
Cao = = 0.041 
40 РТ d 5 
g боша ПО 
^ v +=) 1-015Х 
1 1 
F, 2 09729 _00200-x) 
Cp = = ЕСЙ B te Ne IDEA 


CX | 0.04Х 


^ v ]-0415X 1-015Х 


P3-13 (a) 
Let A=ONCB C = Nibroanaline 
В - МН, D = Ammonium Chloride 


A+2B —> C+D 
-r, =kC,C, 
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P3-13 (b) | 


Fao 
=6.6/1.8 Fag Fao(@p — 2X) 


joel Ес- EX 
Oo | 
P3-13 (c) 
For batch system, 
Ca=N,/V aA = kNANS/V? 
P3-13 (d) 
-r, = КСАСр 
-Na Na _ Nao - = -Х а UIN. 1-Х 
бле е үл 0-3) С,(-3), C = e C (I- X) 
F; << (6, -2Х)-С,(0,-2Х), с, -28-с, (9, 2Х) 
0 0 0 
-r, = КС (1-Х)(6,-2Х) 
С 6.6 
= 80 – — = 3.67 
Со J 
Си =1 gerer 
s -&(18) (1- x)G.67-2x) 
P3-13 (e) 


1) At X = 0 and T = 188°C = 461 К 


3 
Tho = &*С%»®, =А,СьС» = 0.0017 т s Us m 66 а 


mol тіп 2 : 
b = 0.0202 E | 


m m 
2) At X = 0 and T = 25C = 298K 


3-15 


E 11273 £2. 
k = 0.0017 — — — exp| — mol 
kmol.min 1.987 ca 
mol.k 
z242x105. 09. 
kmol.min 


-rao = КСлоСво = 2.52 X 10° kmol/m’min 


3) 
k =k, exp ED 
RUE Т 
28 1273-24! 
k 20.0017 — ——— exp m 
kmolmin  |,9g; co - 
mol K 
3 
Е=0.0152— — 
ol min 


3 
=r, -00152 (18 inet (ss 
kmol min m 
-= 0.1806 L 
m min 
P3-13 (f) 


rA = КСло (1-Х)(0в-2Х) 


At X = 0.90 and T = 188C = 461K 
1) а(і-188 С 


2) 
At X = 0.90 and T = 25C = 298K 


| 


1 1 
—— + — 
461 zx) 


ж UH 
461K 561K 


т 


т 


kmol 


: 


1. Ene) q -0.9)3.67-2(0.9)) 
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ZG 12х1079 LI |» шаг) (1—0.9)(3.67 — 2(0.9)) 


- 128х105 001. 
m min 
3) 


At X = 0.90 and T = 288C = 561K 


--[o asa f gmt 2) (1—0.9)(3.67 — 2(0.9)) 


т: 
-0. 00333, n6 
m? min 
ED (g) 
= 2m?/min = 0.002m?/min 
1)For CSTR at25C -ra = =1.28x10 lll 
m min 
V= v,C 49 (1–Х) 
— Ѓд:х=09 
_ 0.002 m* /minx1. Shel me x0.1 — 28125m^ 
1.28105 0. 
m min 
kmol 
2)At 288C, -ra = 0.00333- 
m min 
V= у,Со(-3) 
7 Ғах-09 
y- 0.0027? / minxl. aon *х0.1 _ — 0.108? 
0.00333 ———— 
m? min 
P3-14 


СНО; + аО; + bNH, => c(C4 4H; 3No 8601.2) + ан;О + ёСО, 
To calculate the yields of biomass, you must first balance the reaction equation by finding the coefficients a, 
b, c, d, and e. This can be done with mass balances on each element involved in the reaction. Once all the 


coefficients are found, you can then calculate the yield coefficients by simply assuming the reaction 
proceeds to completion and calculating the ending mass of the cells. 


P3-14 (a) 
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Apply mass balance 
For C 6=44c+e For O 
For N b = 0.86c For H 


Also for C, 6(2/3) = 4 4c which gives c = 0.909 


Next we solve for e using the other carbon balance 
6 = 4.4 (0.909) +e 
e=2 


We can solve for b using the nitrogen balance 
b = 0.86c = 0.86* (0.909) 
b = 0.78 


Next we use the hydrogen balance to solve for d 
12 + 3b = 7.3c + 2d 

12 + 3(0.78) = 7.3(0.909) + 2d 

d = 3.85 


Finally we solve for a using the oxygen balance 
6+2а = 1.2c+d+2e 

6 + 2a = 1.2(0.909) + 3.85 + 2(2) 

а= 1.47 


P3-14 (b) 


Assume 1 mole of glucose (180 g) reacts: 


6+2a=1.2c+d+2e 
12 + ЗЬ = 7.3с + 2d 


У „= mass of cells / mass of glucose = mass of cells / 180 g 


mass of cells = c*(molecular weight) = 0.909 mol* (91.34g/mol) 


mass of cells = 83.12 g 


Yas = 83.12 2/ 1808 
Yus = 0.46 


Y оо = mass of cells / mass of О» 


If we assume 1 mole of glucose reacted, then 1.47 moles of О; are needed and 83.12 g of cells аге 


produced. 
mass of O; = 1.47 mol * (32 g/mol) 
mass of O; = 47.04 g 


Y. = 83.12 g /47.04 g 
Yo 71.77 


P3-15 (a) 

Isothermal gas phase reaction. 
3 

İn, 580 -» NH, 


Making Н; as the basis of calculation: 


H, etw ctum 
3 3 


и в б 
2 3 


Stoichiometric table: 


um 
-FAoX Ғл-Рло(1-Х) 


Ево- Ө, Fao | FaoX/3 | Fg- FAo( By -X/3) 


32FAoX/3 | Fo=(2/3)FaoX 


3 
16.4 
Сл 70.52— ( € = 0.2 mol/dm? 
С 08222 ШЕ 
mol.K 
С (1-Х 2(1- 
C, = „= Gaol “гү Jana E TE 
2 (1+£X) (- x | 
3 
Си. = Сс 23, Golt-X) 22. 9208) = 0. Imol / ат? 
3 з (ізех) 3 (-%) 
3 
P3-15 (с) 
Күр = 40 dm?/mol.s 
(1) For Flow system: 


z 


(2) For batch system, constant volume. 


[о е, ў 


P3-16 (a) 
Liquid phase reaction > assume constant volume 
Rate Law (reversible reaction): 


C 
=r; =Е| СС, --< 
A | А-В < 
Stoichiometry: 


С,-С,(1-Х), C, 2 C (1- X), С=С, 


To find the equilibrium conversion, set -rA = 0, combine stoichiometry and the rate law, and solve for Х,. 


С,С,К, = C, 

Co (1-х,) К,-С,Х, 
xd но 
АОС 

Х,-0.80 


To find the equilibrium concentrations, substitute the equilibrium conversion into the stiochiometric 
relations. 


3-20 


mol DM 


C, 2 C4 (1- X)» "1m 0.80) = 


a 2 


С,-С,(1-Х)- "1s 0.80) - 


С,-С,Х- КЕТЕ ұға 
ат dm 


P3-16 (b) 
Stoichiometry: 
ё- Уло = (1)(3-1) =2 and 6; =0 
_ Ng _ Мл (1-Х) _ (1-х) 
^ У у(њех) “(1-2Х) 
ЗМ X _ 3X 
У, (1+=х) > (1+2Х) 


С 


М, 
У 
Combine and solve for X,. 


3 
(1-Х,) 3X 
К,С =| би 
c" (1+2х.) | “(162Х,) 
к.(1-х,)(1+2х,) -27с2,Х? 


[eR ean +10 


C 


X, =0.58 
Equilibrium concentrations: 


Р 
Co === 10ат — =0. 305797 


а 3 
(400 "a ово d" m] nt 
mo 


C, - 0.3057 0] = 0.0599 
ТЕГТІ dm 


_ 3(0.58) (0.305) _ 2, mol 
^ (1+2(0.58)) ат 


P3-16 (c) 


Same reaction, rate law, and initial concentration as part (b) gas phase, batch reaction. 


3-21 


сынамы eee TA NEN 


Stoichiometry: 


№, _ Мю (1-Х) 


би V =C (1- X) 
X 
ом шаа qe e 
У и 


Combine and solve for X, 


KC ao (1- X, ) me (3C 4X, 


X, =0.39 
Equilibrium concentrations 
C, = (0.305) (1-0.39) = 0.19 7! 
ат? 
mol 


C, = (0.305) (0.39) = 03673 


P3-16 (d) 
Gas phase reaction in a constant pressure, batch reactor 
Rate law (reversible reaction): 


3 
=r; ZB 8 
С 


Stoichiometry: 


E= yao = (1)(3-1)=2 and 9. =0 


С Ne ТА С. (1-Х) 

^ у у(њех) 7 (1+2Х) 
0 

боза ЫЕ aes шавь 


Combine and solve for X,: 


Кеба (1- X,) 34.) 


1+2Х, 1-2Х, 


X, =0.58 


Equilibrium concentrations: 
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И кк ТЕКТЕН ИНЕК ТИГЕН Е ИНК СЕЛК ТЕКЕ PIRE 


_ 0.305 (1-0.58) mol 


^ 1+2(058) т 
_ 3(0.305) (0.58) _ одсто! 
^'^ 142(058) ^ dm 
P3-17 


Given: Gas phase reaction A + B 8C in a batch reactor fitted with a piston such that 
У = 0.1Po 


3 2 
ee ale 
lb mol" sec 
-r, =kCiC, 
Nao = Ngo at t= 0 
Vo = 0.15 ft° 
T = 140°C = 600°R = Constant 
P3-17 (a) 
N 
Yao = = =0.5 
Nas + Nao 
д-8-1-1-6 
Е = y, =3 
Уб 
Now У=—7 (1+EX) and — =1, Б,-10У, аш P=10V 
Т 0 
P| — 
А 
1072 ЭЭС 
Therefore У = (1+=Х) о У?-У2(1-6Х) 
10V 
8 N go 
N, =N 1- x] М,-М,|6,-Х| Uic c 
Мао 
2м, 4М31-Х| 
ғ, ECC EU LEE М, -(2a8 y 
Vy (I+ ex)? 
Therefore 


3-23 


IMMO EAE ERG 


3 
2 


08) 


RE AUREX) 


‚ [1-Х] то 
3 


(1-зх р | sec 


=r, =5.03*10- 


P3-17 (b) 


У? =V; (1+ eX) 
0.2? =0.15° (1+ eX) 
X = 0.259 


= е залоо mor 


3 sec 


P3-18 No solution will be given. 
P3-19 No solution will be given. 
P3-20 No solution will be given. 
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W Inw T AT 


6.5 1.871802 300 0.003333 In W vs VT | 
13 2.564949 310 0.003228 35 = | 
18 2.890372 313 0.003195 3 
25 
ж 2 | 
= 
1.5 у x -7120.4x + 25.593 
" А? = 0.9893 
05 
ьо-————— 
0.00315 0.0032 0.00325 


From the graph: 
E=7120 


1 
ШИ =-71204*| —————— +25.593=2. 
(ғаз) 209 


1463! 20) zx 19 2cm/ s 


CDP3-B 
Polanyi equation: E = C — a(-AHg) 
We have to calculate E for the reaction 
СН, + RBr > СН,Вг + Re 
Given: АНь = - 6 kcal/mol 
From the given data table, we get 
6.8 = C ~ a(17.5) 
and 6.0 = С- 20) 
ш>С-12.4 KJ/mol and a = 0.32 
Using these values, and AHR = - 6 kcal/mol, we get E = 10.48 KJ/mol 


CDP3-C (a) 
А ЭВ 
Rate law at low temperature: — F4 = kC A 


The rate law t higher temperature must: 
1) Satisfy thermodynamics relationships at equilibrium, and 
2) Reduce to irreversible rate law when the concentration of one or more of the reaction products is zero. 


С 
Also, We know, K C= Be 
СА, 
С 
Rearranging, we get С AS Be = 0 
K C 
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С 
= _ ©в 
So, lets assume rate law as = КА = k A C ANN E 
C 


Also when C; = 0, it satisfies the given rate law. Hence the proposed rate law is correct. 


CDP3-C (b) 
A * 2B > 2D 
Rate law at low temperature: Cm kC nC B 
C 2 
Here, Кс = — 
СС», 
С 2. 
Сы; -——- 0 
Кс 
C 2 
= ra = ka] СС – 2 
A A Ле“ Be Ke 


But it does not satisfy the irreversible rate law at low temperatures, 
Hence it is not correct 
So, taking square root of Kc 


С 1/2 С 
K mes Cu Gp De —() 
бы oL : : 4 Kc 
Cp, 


Which satisfies the irreversible rate law. 
Hence it is the required rate law. 


CDP3-C (c) 
A-B»C-«D 
: | КР,Р, 
Irreversible rate law: — К V заар аресте шы 
1+ КАР, «Қыр; 
ҒАР, ТЫР. 
We know, Кр = 6-р or Р.Р, oni білі P) = (0 
B^A P 
Hence assume rate law as: 
PP 
k| Р.Р, ~ C D 
P 


КА = 


1+ КАР, + Ky P, + Ас + КЪР, 


Which satisfies both the above mentioned conditions. 
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2 “<> 4NG + 6H 0 


= 38.2 at = °С = 500K 
Тын 0.15 P=8.2 atm T = 227°C «5 


4) Assuming ideal gas law 


= Р 2 
CCo » y ж =” a ж 0.2 gmol/l 
о о 0.082 "Tg (500K) 
b) C 


NH “ Тын Сто = (0.15)(0.2 gmol/1) = 0.03 gmol/1 
3,0 


: 5 | 3 
e) NH. + 20, —) NO + Y Ho 


Compound Symbol Initial Change Final 

ЕР. А 0,15 -0.15Х 0.1551-Х) 

о в 0.18 ~ 340.151) 0.18- 30-152) 
2 4 4 

мо с G *0.15X 0.15% 

н.о р 0 + 340.15Х) + 340.155) 

2 2 2 

м, I 0.67 9 0.67 

Total T 1.00 + 1740.151) 1 + 1/4(0.151) 


Initial к, ж 0,79(1-0.15) = 0.79(0.85) = 0.67 


initial 0, = 0.85-0.67=0 .18 


1) P Р 5 omic бы M 
ээ" Р = 8,2 - 
47; m ate (ау т? 
". Р. ЫГ 
с. i $ = — i 22 8.2 atm — Е am med ті 
iy "RT"TITO.15/4 x 1 atm У: «т 0.1574 1 
.082 ort 500K} 
gmol*E 
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2) 


i n. Pi (atm) с 


MUERE A: ыры ғар NAAA 
А 0.15(1-X) (api oic ii ИИ 
* 1015781 0-03 оля 
B o.ig-2 8-5/4(0,151 
18-4 00.190) засч дар (0036-8418 уу + 0 23 р) 
С 015Х ` ‚1.23 x — 0.03 19125 
0151. 
1 Дарга X 
4 
È (0.125) 1.83 ЕРЕ в.оө (12343. х 
8.61 4.49 алад мета таза ыы % 
о кт 0.13701 
"18(0.15/401 8-2 
0.11 
Yat le i) 
а 
Const&t volame 
А ва СЕТ - (0.082) (500) (0.2), - 8.2 ч, 
+ "i “4 Ч: 
A 0.15(1-X) 0.03 (1-1) 1.23 (1-1) 
B 0.18-5 (0.150 0.036 - ЧЁ x gaois - 5 (0.152) 
с 0.15 X 0.03 x 1.23 1 
р i (0.15X) 0.045 X 1.85 I 
1 0.67 0.133 5.49 
0.199 + 0.00821 1.1 — 0. 313 x 
“0.2 (3 + 2:12 х) 
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3) Same xt (1) 
d) 4A+5B34C+6D 


Mole balance for a PFR 


Rate Law(assume elementary): 
=r, 2 ЕС C, 


Combine with equation 3-40 and 3-48 


9 4 5 
LL NEU у. | ама e OE 
dV 4 | RT, Ј| БА +; oF, Е. +Е, + Ес 


CDP3-E 


A+ 2B —> C+D 


a) 


Species Symbol Inidalmoles Change Final moles Concentration 
Benzoy! chioride A Nao -МаоХ Nao(1-X) Nac(l-XyV 

Ammonia B Млобв  -2NaoX  Nao(0p-2X)  Nao(8g-2X)/V 
Benzylamide С Млодс МАХ Мдо(Өс-Х) — Nap(crXyV 
Anznonium Chloride D Моб NaoX Naog(0p*X) — NAo(p*XYV 


b) CAO - к,2/У ж 2 gmol/l 


ЫГ Сво/ СА 6/2=3 
af) 3) 
120.23 ч, 
Final conc. of ammonia = = (6,4723) =2(3-2(0,25))=54щ01/1 


"4 


Final conc. of benzylamide = a (8 +I) = 2 (0 + 0,25) = 0.5 gmol/1 


c) Stoichiometric table for а flow system using ammonis as the basis 
A C 


A 5,2 
Ты ана астын 
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Species Symbol Entering Change Exit Concentration 


ауада | B Ево -FgoX Ғво(1-Х) Ево(1-ХУУ, 
enzo алсын А 9АРво  -FgoX/2 Ево(Ө,-Х/2) Ево(Өв-72.УУс 
Benzylamide 20 ӨсЕво  БЕвоХ/2 Ево(9с+Х/2) ҒаоФс уч 


Ammonium Chloride D OpFmo | FgoX/2  Ево(вр+Х/2) Fao(549/vs 


Table for the flow system using ammonia as the basis із different from the 


original in the following ways. 


1) Molar flow rates considered eather than number of moles. 


2) ө, = Fio/ Ево as opposed to н. a AS 


3) Concentration found by dividing the exiting molar flow rate by the 
volumetric flow rate v , 
ә 


Given : À * B — С taking place in s square duct. 


P. 1 atu. = constant 


6 


10 £t^/ (15 шота} (566) 


m 
ї 


1; = S40°F = 100091 


0.25 atm. 


H 
% 


ng 
Ч 


= 1.5 lb mola/sec. 


(а) ХЕ B is at equilibrium іа the gas phase throughout the reactor 


Шы 
9 


P 

B * > а 
с, = pp 7 constant. Since B maintains its equilibrium vapor pressure 
throughout the reactor, as soon as 1 molecule of B is consumed by the reactions 


it is replaced by а molecule of B in the liquid. Hence, 5541-1590, = HU 
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wr, = ЕС 


E * n d 25 a 4 Я cd ~ 1 ї у 
гі А С. = E Cao Со 11: lust inside the reactor 


_ УлоРо _ (1-gofo 


Сао“ RT ^ RI 


| (102 (1-3) 
(b) Ac X= 0.5 


шад 10 ft Los Жоға 3. " 
ТА 7 (ibmole)(sec) | "HORAE XIII IS ata) [0.5] = „174 Haele. 
CDP3-G 
a) 
3 Si HCl + 3H; — 25i (5) + УНС + Si Hz Ch 
Take S; НСІ; as basis 
Si HCl + H; ә 2. Si (s) «iHd +1 SiH;Cl; 
5: НС (р) А Fao -БлоХх Fa = Fag (1-Х) 
Hz (g) B Ево = в Fao -ҒАОХ Ев = Fao (ба > х) 
ЊНС (g) C 0 4ЇЕдоХ Ес -1ЕқоХ 
Si Н:С15 (в) D 0 * lex Fp = Fao X 
S; (s) 5 0 2 FAoX- M 
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Assume isothermal and constant pressure. Neglect the vapor pressure of Si(s) 
ба = 1 Stoichiomenric feed 
9 only involves the changes in gas phase | 
= РЕ И ГЕ ИЕ 
Е = УАО 9 21-41 1 1) 


18) 3 
Cao = yao ge = 1 ат чэн Cao = 0.0088 moln? 
| RTa 24008211327 AQ у а 
= БА = С, А. 9.0088 1-Х) 
СА 9 (+=) 1+ 
_ Ев А (6-Х) _ 0.0088 (1-Х) 
Мера га i 
м = EC „17 ДОХ за ал, 2 И 
cesis lex] s c LT 0.021 8j 
205,01 Ех X 
Com Пан = 0,003 фа 
"у Зибње) 1+4 


inc solunuon to parts (b) and (c) 

b) 2 S: HCl; + 2H; -> S; ($) + ЗНС + 5; НСІ; 
T | 

c) 25; HCl; > S; + 2HCl + S; HCl 
аге die to Part (a). 


CDP3-H 


4 Cil, + CH, ——2 cci, + 4НС1 


2 4 
T= 75°C = 348 К р = 950 ҰРа = 9.39 аса 


Сі, vapor pressure = 95 ҰРа = 0.94 atm * Py 
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Б. Е. Е. 
р E UE 
iw v (1+=1) v 
а а 


: à i А , de , 
So we саа use the stoichiometric table, substituting C's for F's 


і Е Я с : 
А ғ,401-Х) + 
B 4F 1401-20 4C о) 
5 21 Cio Š 
D вы x CAO x 
Ро 5 Со 
where Cio = 0.0658 gmol/l and Fig ж 0.02631 gmol/s 
After condensation 
ле 2 adir. il dies 
Е, a 5 ло (0.90) a 4.5 
Е. F. Mote: at X = 0.5 (beginning of 
crm È a 44.52. condensation) С. = C! 
i У Ya (5-2) i + 
А ЗЕ БХ | Cal DE 5)/ (50 | 
В Fao(5-X) ACAo(1-KX4.5y(5-X) 
C AFAoX ACAoX(4.5)(5-X) 
р 016 (5-ХУО9... Cao(5-X)(4.3/- X)/9=0.5Ca0 | 
Total Б,о(5-ХУ)-Е, Ao( 5-X)/9 Сло(5- XY 2740.5 


where Fio = 0.02631 ло1/8 and С 


Эг 0.0658 gmol/ 
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y 95 


Ype " Р 950 ^" 9-40 


Staich Table CH, + 4Ci 


4 —> 48С1 + CCL, 


2 


Assume stoichiomatric fesd БА 


Before Condensation After Condensation 
Species Symbo Ta Change Р) < Py remaining Pp “Ру yemaining 
сЕ, А Fig Ей Р, = Едо 7X) 112354) 
Cl, B 4F AO -4F лох Fy = 4E Ao 1-3) 4E Ao (73 
Есі, с о +4 ол Ес = 48 лох 4F лох 
cet. Dig) 9 +F ye Fy = F ох 9-10. 
DCL) о == — — 
518-7025 и fp Eso age БРЕ 
Tc 0.90 


When condensation first begins Е, = Fr 


Before C P 
= = Yin? 5 = 0 —> e = 0 


aT = AP = 0 --> Total concentration is constant 


P 
Co = б = ay > 3 LE 
x < ж + 
Ta RT 0.08205 atm lit 348 К Lit 
moi X 


1 0,329 
бло E $ Cn ж 77407 алемі ж 0,0658 gmol/l 


Fag = Cao Yo = (0.0658) gmol/l (0.4) 1/s = 0.02631 gmol/s 
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CDP3-I 
Cela) + Br (g) — C Egr, (5,1) + 2188108) 


T + 200°C = 473 Е P = 2500 bPa = 24.7 atm; PY CE Br, a 506.5 kPa 


n 
zoo $08 5 
Tog ^ P ^ 2500 


z 0,203 
3taich table 
CjHc(g) + 2 Bri lg) ——› 2 HBr (g) + С.Е (Вс. (6,1) 


ASSUME Stoichiometric feed 


Species Symbol In Change Қ before F'; After condensation Pp = 
condensation Pp Py remaining 


_ < Ру remaining | 


EUM "зак 7 Da o ASES —— RES ыды 
Br; B ZF р -2ҒдоХ Ев = 2Fao(1-X) 2FAg(1-X 
HBr C 0 2F ao% Po = 2F 9X 2FaoX 


С>НаВь Dg) 0 FaoX Fp = Влох. 9.203Е*т 
BPO EE ТЕГЕН 
Ето = 3F ao 


F 04372) 
when condensation first begins ыг = Еһ Fr = ae ae 
Е, (3-2) 
АО 
g м NE 
3E ло 0.797 ыы i 


Before condensation 
= = 7.05 5 = 0 =) к = 0 


AT = AP = О So total cousentrationa is constant 
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C Fr=3Fao | Рт= 3Fao-FaoXt0.203F 1 


24.7 ага 
Со = С. = -2 = — пој эь (0.513 gnol/l 
* "9 = 0.08205 1 x 413 Е 
с „ Ё. 0.673 


1. 
АО 3 ете " 3 $101 


i КЕНИРИ | RM РЕЛІ Е ee 
T dE Вало) Cao(1-X)(2.39/(3-X) 
B 2Fag(1-X) 2C ao( 1-X)(2.39)/(3-X) 
С 2F үХ 2Сл0(Х)0.39/(3-Х) 
_ 0 B-KYB.93_ Сад(0.609) _ 
“Total |  Е,0(3-Х)/0.797 


where Ро = 0,106 ҙло1/5 ааа C 


1 ғ, ғ, 
paella ле. 
ії ыз, IP g T 
9.1046 8.2433 
2.2 9.085 9,114 
9.4 0,044 9.117 
0,609 9.041 2.081 
1 ғады AF glint) 
2,4099 9,941 9,0983 
8.3 0.021 9,041 
1.9 a 9 


o.-— 


11 = 0.212 gmol/l 


40% 0.212 gaol/1 


ғ. Fy 2: с, 
ы/а peel / а сео а gual/ 1 
27 дї Ё д? ЗЕ о Сри 
a 4 0.114 9,212 
8.041 28.011 9.118 9.170 
0.031 0.042 2.311 98.117 
0.119 9.963 2.315 9,013 
от p МАО 10 „ Мола 
А AD 3.91 AQO.TST AD (0-3. 
9.117 9.943 9.318 0.043 
4,179 0,059 8,193 9,03» 
8.213 95.934 8,164 9 


3-37 


paal, i pael/I deis t 
2€, 501-2) 26 ді 5777 
0.414 2 9 
9,119 2.043 9.941 
9.254 9.179 8.95: 
8.1354 8.129 
9.154 0.214 90.115 
8,073 9,312 8,109 
9 9.315. 0.0540 


Р. Е, Е. 
C ха —& харчих, ЗОНИ SE > 
i v v (ited) у 


So we can first use the stoichiometric table, substi tuting C's for F's 


2: 12210пыг а. 
A Fot 17I? SUIS 
E ZE (1-Х) 20, 404-2) 
с 2F 15 5 2С ло x 
дэ quc ee 22302 
Total 3 УС 3 Cao 


where Fio м 0.106 gmol/s and бло = 0.212 gmol/s | 
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: F 


t до (3-3) _ , 43-5) 
то 777 са жу nim не ea 
| | 2.39 
от, ^ Мо зе 0.797 o 
Fi Fi (2.39) 


Note that at X = 0.609 (beginning of condensation) Ci = с: 


C(gmatt) m dd 


99 01 02 05 04 08 08 07 03 03 14 


Y 
8.4 


F (тоїи) 


99 5! 02 03 04 45 05 47 44 оз 19 


CDP3-J 
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E= yo =0.5(1+12--3--4)=3 


| | : 
Cao = УлоСто nos т: } 0.5 ха ------і|-6.18%107 


3 
9 8314 52-47 „олз 
mol*k 
Сой-Х) 618*10*(1- X) 
à 1+ £X 1+3Х 
1.68 * soi- ын 
С, = Soe re pena 
i-3X 
_ 2.06 *107 X 
97 . 1+3Х 
_ 2.47 * 10 | X 
27 1+ 3X. 
Cao = Удо С ro = MD 0.5 бё. == | 6.18 *1075 
mda aij 48.07 woody 
тт 
#5 EU USE _ $.38*10*(1-- X) 
АС 1+ах 1-3Х 
1.68 5107 (: ms ] 
Е = 
с. = 2:067 Oped 
ЭВЭР” 
„ гео 
йг 1-3X 
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CDP3-K 


Б 
©Н,($) + 2 CL (g) “ЭЭ CH CL, (4,1) + 28010) 


fomponsar Symbol Initial moles Change Our 
C12 A -X 1-I 
CH4 B 0.5 -0.5X 0.5(1-2) 
СЕ2С12 С *0.5X 0.51 
ЕСІ р +X 2 
Total T 1.5 1:2 


үзе а ыг 2-2 РЕЗЕ 
== у, 570 


Systom is gas phase until P. = 400 mmHg 


.7. А” = 1.5789 --> Сн, ei, does not condanse at І atm. 


аш" TE 


k= 0.2 (- = 72 3rd order 
gmols 5 


o тк С," Св 


fa 


Ca 


= gu (1-XA) 


1 4 
= X Суу (1-54) 


Зэ: ин, ea ЖЕТЕН. 
za 2 k Cio (1-ХА) 
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(a) 


(=) 


СЕ) 


Се) 


CENTS: 


AO AO ET 
ma 
бус 1.5 = 3.08206 258.7 ~ 9.02724 НЕ: 


) = 0.02724 (1-0.6) = 0.01090 525. 
dm 


| 
H 
қ 

il 
t] 
к 
n 
pe м 
о 
өз 
T 
Он 
ве 
ж-е 

29 


-:, = 1.297 x 1077 ~ 580]. 


“А dał s 
: _ £ 
k = А exp [ RT 
& 
A = Lx 1012 im. - 
= gnol? 
" 12 = Е 
0,2 = 2 10 Р рачна 
х exP UU 314) (258.53) ас 25°С 
Е = 74212 ~=— 
#291 


At 10090 = 373.2 сок 


k 
Е 22205 

Бух Е ‘373.2 238.2)? = 409.8 
Xx = Я 2 m z A. 

100°C 2599 РЕ 
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Solutions for Chapter 4 - Isothermal Reactor Design 


P4-1 Individualized solution. 


P4-2 (a) 
Cooking food (effect of temperature), removing of stains with bleach (effect of bleach conc.), dissolution of 
sugar in coffee or tea. 


Р4-2 (b) Example 4-1 


There would be no error! The initial liquid phase concentration remains the same. 


P4-2 (c) Example 4-2 
For 50% conversion, X = 0.5 and k = 0.311min'! 


Fao = —— = 705. = 12.27 lbmol / min Also, Vio = 


Vo = Удо + Уво = 2Удо and also, Удо = Увс 
Vos 24.52 ft/min 
Using Mole Balance, 
XX _ 24.52х0.5 _ 
k(1- X) 0.311(0.5) 
— 592 gal 


This is less volume than Example 4-2 because the rate is higher. 


78.93 


P4-2 (d) Example 4-3 
For P = 60atm, 
УлоЁо 60 


RT, 0.73х1980 


Cao = 0.0415 Ibmo/f (Со = ) 


Using equation Е-4-3.6, for X = 0.8 
We see that the only thing that changes is Cao and it increases by a factor of 10, therby decreasing the 
volume by a factor of 10. 


Ves — 
P 


P4-2 (e) Example 4-4 
New D, = 300/4 


Because the flow is turbulent 


1 
В, ~> 


p 


D 1 
p2 
= = 0.0775 —— = 0.1033 
буй р, 0.75 
i 
s 2.0.1032 60% | | 
жыла ұл никак а. 
Р, 10аїт 
281, 
Now 1 — ——— < 0, so too much pressure drop P = 0 and the flow stops. 
P4-2 (f) Example 4-5 


For without pressure drop, conversion will remain same as example X = 0.82. 
With Pressure drop, 

а E 
«„„ = = 0.0037kg ^ 

10 


new 


For decrease in diameter, 

Bo = 2х0.01244[266.9х2+12920.8] 
= 334.751b fÊ = 334.75 (Ib/ft*)x1/144(f/in’)x1/14.7(atm/( Ib/in?)) = 0.15814atm/ft 
= 52.71 kPa/m 


For turbulent flow: 


D 
B => d and а- 1 => @, ES a, Fu Ри 
D, к, Қ, D, 


КС 0 í _ aw 


X = 0.8136 — virtually the same 


(2) Optimum diameter would be larger 


а = 0.037 х 220 
25.8 


= 0.075648" 


if Dp, -20 


4-2 


ite QW 


=1-@,W -1-(0.037)27.5) --0.0175 


Now 1-aW < 0, too much pressure drop due to higher superficial velocity. 


P4-2 (g) Example 4-6 
For turbulent flow 
1 
a~— ап а-— 
P 0 

D P 1 |[1 
% = а, LH, 201 = а, 8 = a, 

Р, Д.Б, 5 


1 
5 


Therefore there is no change. 


P4-2 (h) Exmple 4-7 
For pressure doubled and temperature decrease 
Сто = 2*P,/RT and T = 688K 


See Polymath program P4-2-h.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 1.0E-04 1.0E-04 
Fa 2.26E-04 1.363E-05 2.26E-04 1.363E-05 
Fb 0 0 2.124Е-04 2.124Е-04 
Ес 0 0 1.062Е-04 1.062Е-04 
Е 2.4E+04 2.4E+04 2 .4E+04 2.4Е+04 

T 688 688 688 688 

Cto 0.573773 0.573773 0.573773 0.573773 
Ft 2.26E-04 2.26E-04 3.322E-04 3.322Е-04 
Са 0.573773 0.0236075 0.573773 0.0236075 
k 213.40078 213.40078 213.40078 213.40078 
ra -70.254837 -70.254837 -0.1189309 -0.1189309 
Бао 2.26Е-04 2.26Е-04 2.26Е-04 2.26Е-04 
rb 70.254837 0.1189309 70.254837 0.1189309 
vo 3.939Е-04 3.939Е-04 3.939Е-04 3.939Е-04 
re 35.127419 0.0594654 35.127419 0.0594654 
X 0 0 0.9395277 0.9395277 
Tau 0 0 0.253044 0.253044 
rateA 70.254837 0.1189309 70.254837 0.1189309 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Fayqd(V) = га 
121 d(Fb)/d(V) = rb 
(31 d(Fe)/d(V) = rc 


Explicit equations as entered by the user 
1] E=24000 

(21 T=688 

[3] Cto = 2*1641/8.314/T 

[4] Ft=Fa+Fb+Fe 

[5] Ca=Cto*Fa/Ft 

6] kz0.29*exp(E/1.987*(1/500-1/T)) 
[7] га = -К*Са^2 

[81 Fao = 0.000226 


[9] № = -га 
10] vo =Fao/Cto 
[11] re=-ra/2 


121 Х-1-Ға/Ғао 
13] Tau = V/vo 
14] rateA = -ra 


3.0e-4 


— HÀ: 
uu 


0060 2065 4065, 60e5 80е5 1064 
Р4-2 (1) Example 4-8 Individualized solution. 


P4-2 (j) Example 4-9 


Using trial and error, we get maximum feed rate of B = 0.025 14ш /8 to keep concentration of B 


0.01 mol/dm?. 


See Polymath program P4-2-j.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 500 500 
ca 0.05 0.0063485 0.05 0.0063485 
cb 0 0 0.009981 0.009981 


сс 0 0 0.0078965 0.0078965 

са 0 0 0.0078965 0.0078965 

k 0.22 0.22 0.22 0.22 

v00 0.0251 0.0251 0.0251 0.0251 

сро 0.025 0.025 0.025 0.025 

v0 5 5 5 5 

саб 0.05 0.05 0.05 0.05 

rate 0 0 3.91Е-05 1.394Е-05 

v 5 5 17455 17.55 

x 0 0 0.5543321 0.5543321Differential 


equations as entered by the user 
[1] d(ca)/d(t) = -k*ca*cb-vOO*ca/v 
[2] d(cb)/d(t) = -k*ca*cb+v00*(cb0-cb)/v 
131 d(cc)/d(t) = kca*cb-vOO*cc/v 0.010 
[4] d(cd)/d(t) = k*ca*cb-vOO*cd/v 


Explicit equations as entered by the user 0.008 

[1] k=.22 

[2] v00 = 0.0251 

[3] cb0 = 0.025 0.006 

[4] vO=5 

[5] са0 = 0.05 0. 

[6] rate =k*ca*cb Цин 

171 v=v0+v00*t 

181 х= (са0*\0-са*\)/(са0*\0) 0.002 
If the concentration of A is tripled the HR | | | 
maximum feed rate becomes 0.000) 100 200 | 300 400 500 


0.064 dm’/s 


P4-2 (k through Г) Individualized solution. 


P4-3 Solution is in the decoding algorithm given with the modules. 


Р4-4 


We have to find the time required to cook spaghetti іп Cuzco, Peru. 


Time (min) 


Ann Arbor 
Boulder 


Cuzco 


Assume reaction is zero order with respect to spaghetti conversion: 


-Е 
=r =k = Дет 2-46, 


4 
so that 


4-5 


-Е 


-C[* =| дек |t 


Cao 
For complete conversion (і.е.: well cooked) C4 = 0 at time t. 
Therefore 
-Е 
Cao = Аек 
-Е 
Сл == te t 
C E1 
In| = |=Ink =Int-—— 
A RT, 


Now, plot the natural log of the cooking time versus 1/T, and get a linear relationship. Extrapolation to T, = 
88.3°C = 361.45 K yields t = 21 minutes. 


21-1. x Cuzco 
| 
| 
| 
{in t) ын х Bouldar 
B X Aan Árbor 
| 
ЕР ha ~ ЭР ыма ЕЛ | 
2.69 2.72 2.767 Е o” Л) 
Ts 


P4-5 (a) 


4-6 


A+ Bas (б Cada = Can 2 molds? К, = ОЛУ Ч еп“ лон 
тээг E, 20,000 сарто 
Тұл 300K 


Bate Law: ¢a=-kCyCe Саша СМ CaF 
CSTR yelpi ӛлі T=350 Е 


Using the Arrhenius equation зи the CSTR temperature of 3508, yields the new өресіне 
reaction тайз, 


20,000/ 11 
xx гүү re ЕНЕН Hut асын 
k Оер ЕТЕКТІ? 


k = 8,45 уаты - min 


CSTR. Design Equation: EC heal њој 


V[kC?, (1- X) 
ge MER xy) 
10 
ат 
адли (845 mien; тау Do 
Ee 77, Por. deeem 
10-— юм 
From the quadratic equation; |, Х=0.925 
PBR V=800dm* 000) T=300K 
Design Equation: | 2 
dX 
Fao gy 77 
ах —n КСу0-ХУ 
dV Fo F Ao 
dm? x 
d IT UTE G= 3) 
о mo шаа 
10----- 
тип 
_Х__ АСУ 
1-Х Fo 
X=0.85 


So, considering the above results, we will choose a CSTR. 


4-7 


P4-5 (b) 
Batch Reactor V-200dm^ Мло=Мво=200 moles X=0.90 Assume Isothermal 


Design Equation: 


isa em 
apie 
(200moles) x dX 
= dm mol Y | [m X y 
ВАЗ э |1. 3 (200dm^) 
mol* min Д dm 
t — 1.06 min 
P4-5 (c) 
T=273K 
Find the specific reaction rate at the new temperature of 273 K using the Arrhenius Equation. 
k = 2.54х10° 
(200)(9) 


= m = 3543 min = 2.5days 
(2.54x107 (200) 


Р4-5 (4) 


1) CSTR and PFR are connected in series: 


10mol / min 
Solving the quadratic equation, Хсѕтв = 0.44 


For PFR, 
ах = 
40 ау А 
3 Ч 8) xL = 2 
ах = V dm? | то /min)C, 0 ХУ, 
10 mole / min 
|. dX _ _ (0.07dm' / mol / min)(1mol / ат”) (800dm’) 
o. 0— XY 10mole/ min 
X = 0.736 


2) when CSTR апа РЕК аге connected in parallel, 
_ (200dm?)(0.07 ат? І mol.min)(Imol / dm? (1 - Xy 


5mol / min. 
Xocsin = 0.56 
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_ (200dm^ (0.07 dm? / то1.лтїп)(1то1/ dm^ Y (1 - Xy? 


For PFR, 


| ах _ (0.074т? / mol.min)(1mol / dm’)? (800ат?) 
i (1- Xy этой / min 


ХрЕв = 0.92 
0.56--0.92 
--------0.74 


Hence, final conversion X = 


Р4-5 (е) 


To process the same amount of species A, the batch reactor must handle 


3 4 
ам 227. E 27 ааш” 
min hr day day 


If the reactants are in the same concentrations as in the flow reactors, then 


3 3 
y = | 14400” || 1dm | = 144002” 
day ј mol day 


So the batch reactor must be able to process 14400 dm? every 24 hours. 


Now we find the time required to reach 90% conversion. Assume the reaction temperature is 300K. 


dX пу | «Со (1- XV 
dt М» М 


t, = М ло 
5 VkCh1-X 


N 
, and since —42 = С 
V A0 


1 X 1 0.9 
iC, 1-X 1, dw V ma Ol 24%” 
= т то . 
zu 4.2- — #1 3 
тот. hr dm 

Assume that it takes three hours to fill, empty, and heat to the reaction temperature. 
t; = 3 hours 

ош = tr + tr 


trota = 2. 14hours + 3 hours = 5.14 hours. 


Therefore, we can run 4 batches in a day and the necessary reactor volume is 


Referring to Table 1-1 and noting that 3600 dm? is about 1000 gallons, we see that the price would be 
approximately $85,000 for the reactor. 


P4-5 (f) 

The points of the problem are: 
1) To note the significant differences in processing times at different temperatures (i.e. 
compare part (b) and (c)). 
2) That the reaction is so fast at 77°C that a batch reactor is not appropriate. One minute to react 
and 180 to fill and empty. 
3) Not to be confused by irrelevant information. It does not matter if the reactor is red or black. 


P4-6 (a) 
о . © В 
p + СуНоОН -» il + НО 
ай» Mie о 28 с.н рады C. Оз CH, 
i 
L Ок; : 
E d ~ H "^v vedi, 
"n 
о © 
MBP + butanol => DBP + water 


| Entering 


peste | 


entering Бына = 5 Емаро 


У eke inl “ч y * 
TAR КСА Св elementary reaction 
“Pa = k (АЛ) (ЕА) for liquid systerns 


сене РЕЛІ volumeuic flow 92300 


ЕС, ОХ) (5-Х) 


Тый ТЕР 


У 20 
em UU Ct aX GOR) 


СЛОЕ 6 
п.а4х10 ын ЕС .=4х10 ib/yr, 30d / уг operation 
| x10 х 30d Jahr 5 37815 = 200 
үе 3 
v ші Si Caia + — 13327 
CSTR 1000 gal x 748 gat " 133.7 ft 
133.7 fe ПРИ ПИ МАР n C41 ЖЕККЕН 
3 
Е. 02 Imole 
Пасі» а. x) (5-Х) 


X3.6X + 189 =9 


Х = 9.33 
P4-6 (b) 
To increase conversion, use PFR, higher temperature, or use better catalyst. 
P4-6 (c) 
MB и Ех 
~ n 
RL “fa = EC Ce 
, A Їл! 60 то 
5 Ca = Слой X} Байт in 
Ca = Слоја“ X) 
а 
С Vs A: 
Choli- XG- 50) 
Е 
Р4-6 (4) 
PFR Design Equation 
ах г, 
ау Fa 


P4-6 (e) 


Mw (DBP) = 278 tb/lomel Wel00Ggal = 133.7 fr 
therefore 144 X НУ Ibmal of DBP need to be produced in 30 days 
ur A 
Mole balance: 97 
' 5-2 
| am ome tas “Ы {- 


| С (6-1) XI- XY 

The above equation relates the reaction time for a batch and the conversion 
achieved during that batch. There is a trade-off between high conversion and few 
batches and low conversion but many batches per day. What conversion will 
result in the smallest number of reactors? 


Морава ти * С (00 С. = 02Ibmol ft? 
Product | N,QK*24hr УМлжх2а ___Млб2а „куу 
reactor * day | ИР ЖАН Е x! LANE 
KC gg 
Moleproduct _ 4+10" Њу Ibmol _ „gg тої 
day 30days 27818 day 
480mol , [day 


f f (X)mol į dayi reac Tor 


25 еее ежи —————————— BÓ 
1 


20 
4 
4 
4 
= 38 SN 
ia 
c КА 
5 nin инь и deme 
H 
бо = ——À ааа €——— e 
0 0.2 04 0.6 0.8 1 
Х--» 


The minimum occurs at X = 0.82 and corresponds to 4.192 or 5 reactors 


P4-6 (f) Individualized solution 
P4-6 (g) Individualized solution 
P4-6 (h) Individualized solution 


P4-7 (a) 
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р 


Elementary gas phase reaction. 
А-В +2С 


Са=С 02) внудб= (ја +1-=2 


P 10 mol 
C = „йй, ШЕ эчени senis А Ее rmn 
“КТ (0282100) uc. 


ах Еа ex(1+eX) 
V s Eng nM. Id 
h ü-3 


ag] cei oat 
0-4 КСАр 


F 1 
= Аб (16-61 ag] 
р | ein 


i 
| 


? 

| 235mol/mi | 

: (ol LL NE | (1+ 2)in 1 14) 
0.044 min” Y0.3mol/dm*] 1-3 


P4-7 (b) 
у = 240+) 


Cakil- Х) 
0 1 1 
Ка уде ЗЕ z) = 0.044 


(2.5mol/minX0.9)(1+2(9)) 


Spence . =4772 dm*s 5: 
(0.044 па“ (0387 (1-4) 


P4-7 (c) 
For a = 0.001dm? 


See Polymath program P4-7-c.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


у 0 0 500 500 

x 0 0 0.656431 0.656431 
У 1 0.1721111 1 0.1721111 
Co 0.3 0.3 0.3 0.3 

esp 2 2 2 2 

alfa 0.001 0.001 0.001 0.001 
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C 0.3 0.0077768 0.3 0.0077768 
k 0.044 0.044 0.044 0.044 
r -0.0132 -0.0132 -3.422E-04 -3.422Е-04 
fo 225 2.5 2.5 2.5 
Differential equations as entered by the user 
11 d(x)/d(v) = -r/fo 
21 d(yYd(v) = -alfa*(1+esp*x)/(2*y) 
Explicit equations as entered by the user 1.0 | 
11 Co=0.3 
2] esp=2 А 
3] alfa = 0.001 0.8 
4j C = Со*(1-х)*у/(1+еѕр*х) 
5] К= 0.044 : 
6) г= С € 
7j fo=2.5 
0.4 
At V = 500, 
x = 0.66, y = 0.17 
0.2 
P4-7 (d) Individualized solution 
0.0 ' а 2 s 21 
Р4-7 (е) 0 100 200 $ 300 400 500 
A e B «2C 
Rate Law: of Sek on ССК) = 0 (at equilibrium) 
Ke = 0.025 
c e . 5 Е | om Ё РТА 
Stoichiometry : С, = сыйт) ‚ Са С М.Я со аа Со 
| + ex 1+ ОЁЖ, 7 |+ 
к. „Саб. _ -(& jx Y 26, 241 1+ eX асылы 
Du Кени Қаны = wd 
өл LEKA L EX) | Cole X)J (1+ 2x)" (1- 42) 
&=2 and С, =90.3 
Ха = 9,32 


X =(0.90)Х = 0.47 


V = 1300 dm? 
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== 


450 or CV Ба 
дуг ты т д на 
6 ac у? 
MN (oco | 
(+=) (85:42:29 


Using these equations in Polymath we get the volume to be 290 dm?. 


P4-7 (f) 
А €» B+2C 
Rate Law: EE = (о - C,CUK.) = 0 (at equilibrium) 
Ke = 0.025 
om С,(1-Х С.Ж s 2 
Stoichiometry : Сұл = ы E Mee ^ Ce = x 
ко = Сасе =f CX) 3] > | — асс _ 
С. 1+=2ХЛ1+=Х/(С..(1-Х)) (+= (- X) 
é=2 and С, 203 
Ха = 0.52 
X = (0.90)X,, = 0.47 
PER 
- dX dV du. 
Pao PPP А TENE. шон 
ау dX =r, 


Ас: 3 
А ЛД e (1 — X) - NUS 
(1+ eX) (1+ eX) К. 
Using Polymath to solve the differential equation gives a volume of 290 dm? 


See Polymath program P4-7-f.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
X 0 0 0.47 . 0.47 

V 0 0 290.23883 290.23883 
Kc 0.025 0.025 0.025 0.025 

Fao 2.5 2.5 2.5 2.5 

Cao 0.3 0.3 0.3 0.3 

k 0.044 0.044 0.044 0.044 

e 2 2 2 2 

ra -0.0132 -0.0132 -9.391E-04 -9.391E-04 


ODE Report (RKF45) 
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Differential equations as entered by the user 
11 d(Vyd(X) = Fao/(-ra) 


Explicit equations as entered by the user 

11 Кс-.025 

21 Fao=2.5 

3] Cao=.3 

41 k=.044 

5] e=2 

6] га = -(К*Сао/(1+е*Х))*((1-Х)-(4*Сао^2*Х^З)/((1+е*Х)^2*Кс)) 


CSTR 


~ (+ 5 (1+ ЄХ К, 


B + ЕХ) T 


Neate ыы a 


Q.5mo/min(047(1-2(047) — — 
n» 4 | 4(0.3 moVdra? ) (0.477 
KCal @-Х)---——=: === | (0.044 min "0.3 mold’) (1-- 0.47) - ш. 

х с (1+2(0.47)) 0.025 


V = 1300 ат! 
PFR with pressure drop: Alter the Polymath equations from part (c). 
See Polymath program P4-7-f-pressure.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


v 0 0 500 500 

x 0 0 0.5077714 0.5077714 
y 1 0.3181585 1 0.3181585 
Kc 0.025 0.025 0.025 0.025 
alfa 0.001 0.001 0.001 0.001 

Cao 0.3 0.3 0.3 0.3 

k 0.044 0.044 0.044 0.044 

esp 2 2 2 2 

fo 2.5 2.5 = 2% 

E -0.0132 -0.0132 -1.846E-04 -1.846E-04 


ODE Report (STIFF) 


Differential equations as entered by the user 


[1] d(x)/d(v) = -r/fo 
121 d(y)/d(v) = -alfa*(1+esp*x)/(2*y) 
Explicit equations as entered by the user 
[1] Kc = .025 
[2] alfa = 0.001 
3] Сао = 0.3 
4] К= 0.044 
[5] esp=2 
6] fo=2.5 
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[7] r=-(k*Cao/(1+esp*x))*(4*Ca0%2*xA3/((1+esp*x)42*Kc)) 


At V = 500 dm? X = 0.507 and у = 0.381 


P4-7 (g) 

Membrane reactor: A — B + 2C 
Ca = СоРАЕт Cg = CoFp/Fy Cc = Сб ћ 
Fy = РА + Fg + Ес and ТА = Їр = гс/2 

Using polymath, 

For PFR, 


See Polymath program P4-7-g.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


v 0 0 1040 1040 

Fa 2.5 1.3231889 2.5 1.3231889 
Fb 0 0 0.3635477 0.0684325 
FC 0 0 2.3536223 2.3536223 
Кс 0.025 0.025 0.025 0.025 

Ft 2.5 2.5 3.7452437 3.7452437 
Со 0.3 0.3 0.3 0.3 

K 0.044 0.044 0.044 0.044 

ke 0.08 0.08 0.08 0.08 

ra -0.0132 -0.0132 -3.827E-04 -3.827E-04 
X 0 0 0.4707245 0.4707245 


Differential equations as entered by the user 
[1] d(Fa)/d(v) = га 
[2] d(Fb)/d(v) = -га - kc*Co*Fb/Ft 
131 d(Foyd(v) = -2*ra 


Explicit equations as entered by the user 
[1] Kc = 0.025 
(21 Еі = Fac Fb+ Fc 
[3] Co 20.3 
[4] K=0.044 
[5] Кс-.08 
[6] та = - (K*Co)*(Fa/Ft- Co^2*Fb*Fc^2/(Kc*Ft^2)) 
[7] Xz1-Fa/2.5 
Solving for when X = 0.47, we get У = 1040 dm? 
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“Эр 208 — 446 . 624 82 1040 


P4-8 (a) 


The blades makes two equal volumes zones of 500gal each rather than one ‘big’ mixing zone of 1000gal. 


Expected 


ien 
j 


M м 


Single Blade 


Predicted 


F лох 2 
= Би amr “a = a mes = 3 
Chü-X) ЕТЕР 


V 


is 1-3X, + Xi =0 


Caok gal (mol 
mol min\ ga 


21 Reactor 2 

п=| са! 1 
ва! 2... 500(Х,-28) 

Х 5 500 = = arie E 

1000 gal = a——— = a ==; = 24 (1-5) 


lex | 
( ) 1- 2X, + Х =X, ~ 38 
а = 500 gal ^ v2 | 
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Measured 


У = — For Reactor 1 
_ 500 gal Xy 
n ia X; т 


ae 


500 gal 


1-20. + Х =X, 


P4-8 (b) 


A CSTR is been created at the bend due to backmixing, so the effective arrangement is a PFR is in series 


CSTR zone 
created due to 
backmixing 


AB 
k=5 min! va = 5 dm?/min. 
Xexpected = 0.632 Хала = 0.586 


X 
V= ЕЗ о — t8 38 55 
Su. а = 
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1 
For PFR, 22 22222 


1-Х, 
FOX -Х X -Х 
For CSTR, У. „о aena “2 ) „Оаа Ха) ОРТА 
m (1- X "ES 
Also, um БОЛК КОКС: 
V V 


Solving 1, 2 and 3 by using polymath, 


See Polymath program P4-8-b.pol. 


POLYMATH Results 
NLES Solution 
Variable Value £ (x) Ini Guess 
X1 0.350949 3.148E-10 0 
Vc 0.567756 -3.297Е-14 1 
V 1 
х2 0.586 
Ур 0.432244 


NLES Report (safenewt) 


Nonlinear equations 
(11 f(X1) = In(1/(1-X1)) -Vp =0 
[2] Уо) = (X2-X1)/(1-X2) - Vc = 0 


Explicit equations 


[1] М-1 
[2] Х2-.586 
[3] VpzV-Vc 
Vcz0.57dm ; Уь= 0.43 т; Х,=0,35 
Р4-8 (с) 
Cao = 2 mol/dm* 
А ЭВ 
Assuming 151 order reaction, 
С„Х 
For CSTR, т=—49— 
-r, 
-ГА = КСА = КСло(1-Х) 
X 04 
=> Tk =——— =—— =0.67 
1- 0.6 
X X 
dX dX 
For PFR, УЕ, |------- rk = |--- 
; КС (1-Х) 21-Х 


=> X рр <1-ехр(-ТК) =1-ехр(-0.67) = 0.486 


Now assuming 2nd order reaction, 
For CSTR, Now, assuming 2nd order reaction, 
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For CSTR, т=—49— 
=r, 
=r, =kC2=kC?, (1- X 
=> Th go ae a = 
(1-Х) 0.6 
1% ах 1 X 
For PFR, T= — = ин 
КСло ò (1–Х) %С01-Х 
=> О АН. -1- 1 = 526 


1+7kC,, 2111 


So, while calculating PFR conversion they considered reaction to be Ist order. But actually it is а second 
order reaction. 


P4-8 (d) 

A graph between conversion and particle size is as follows: Originally we are at point A in graph, when 
particle size is decreased by 15%, we move to point B, which have same conversion as particle size at A. 
But when we decrease the particle size by 20%, we reach at point C, so a decrease in conversion is noticed. 
Also when we increase the particle size from position A, we reach at point D, again there is a decrease in 
the conversion. 


X D 
dp ——— 
P4-9 
А < B 
T, = 300K Kco (300K)- 3.0 V = 1000gal = 3785.4 dm? 
КОХ 
Mole balance: V = 
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Rate law: -r =Ко Б - | 


Stoichiometry: С, =Cyo (i -Х ) and С,-С,,Х 


=> E 3 
2 
Со [| ayy к 
Kc 
2 X’ 
У (1-Х) -— : 
= — AQ. SE ЭКЕ. _ 2785.4 0.67 Bd 
Eco X 04 |7 3 
Z = 2902 2dm* 


Now using: y- ТЕН => /(Х)-0-У- “кос 


k ЕТ 1 
where 2----еХхр|--|----- and 
ko к| T 


Solving using polymath to get a table of values of X Vs T. 
See Polymath program P4-9 pol 


FOLYMATH Results 
NLE Solution 

Variable ___ Value f(x) . ini Guess 
x 0.4229453 3.638Е-12 0.5 
To 300 

T 305.5 

2 2902.2 

V 3785.4 

E 1.55404 

R 2 

y 1.5684405 

Kco 3 

Hrx -2 5E+04 

Kc 1 4169064 


NLE Report (safenewt) 
Nonlinear equations 
[1] 100 = (2/у)*Х/(1-Х)^2 - X^2/Kc) -V = 0 


Explicit equations 

[1] То-300 

2] T=305.5 

3] z= 2902.2 

41 V = 3785.4 

[5] E=15000 

6] R=2 

[7] y = exp(E/R*(1/To-1/T)) 
[8] Kcoz3 

191 Hrx = -25000 

10] Кс = Kco*exp(Hrx/R*(1/To-1/T)) 


P4-10 (a) 


For substrate: 


Сен: v; Cc rV 
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i 
| 
| 
i 
| 
| 
| 
i 
| 
| 
| 
| 
i 
| 


Fso — Fs + nV =0 


(Cso—Cs)Vo = VYsc = VY sic Hass Су C, 
KC. 
P4-10 (b) 
Cc = Үс [a = C,] 


Lise 
(Со -С;)у -ҮҮ,,с Ez =0 


С 
=> (6: =C; )vo -ҮҮс, Pera -С,)-0 
M 5 


0.5хС; 


(0-6,)5-25x04 $C. [go-)-o 


Solving we get Cs = 5.0 g/dm’ or 30 g/dm?. if Cs = Ср no reaction has occurred so the only valid answer is 
Cs = 0.5 g/dm?. 


P4-10 (c) 
Сс = Yos(Cso - Cs) 
= 0.8(30 – 5.0)g/dm? = 20 g/dm? . 


P4-10 (d) 
Vnew = Уу2 = 2.5 dm?/h | 
Using equation from above, we get Cs = 1.67 g/dm? and Cc = 22.67 g/dm’? 


P4-10 (e) 
Уе» = Vo/3 = 25/3 dm? 
Using equation from above, we get Cs = 3.0 g/dm? and Cc = 21.6 g/dm? 


P4-10 (f) 


For batch reactor: 
Cso = 30 g/dm? Ссо = 0.1 g/dm? 
Сс = Coo + Ycis(Cso - Cs) 
V =10 ат? 

See Polymath program P4-10-f.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 15 15 

Cs 30 0.0382152 30 0.0382152 
Cso 30 30 30 30 

Ycs 0.8 0.8 0.8 0.8 

Km 5 5 5 5 

Umax 0.5 0.5 0.5 0.5 

Cco 0.1 0.1 0.1 0.1 

Cc 0.1 0.1 24.069428 24.069428 
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rg 0.0428571 0.0428571 5.4444349 0.0912841 
rs -0.0535714 ~6.8055436 -0.0535714 -0.1141052 
negative_ 0.0535714 0.0535714 6.8055436 0.1141052 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Cs)/d(t) = rs 


Explicit equations as entered by the user 
[1] Cso=30 

[2] Yes=0.8 

[3] Km=5 

[4] Umax=0.5 

[5] Cco=0.1 

[6] Cc=Cco+Ycs*(Cso-Cs) 

[7] rg =(Umax*Cs/(Km+Cs))*Cc 

[8] rs=-(1/Yes)*rg 

9] negative rs = -rs 


s| А 
ны rg 
42} | negative rs | 


| 


алса cmd T «же 5 0. лане ий " 
0.00 300 6.00 t 9.00 1200 15.00 0000 3.00 6.00 t 900 1200 15.00 


0.0 


P4-10 (g) 
Graphs should look the same as part (f) since reactor volume is not in the design equations for a constant 
volume batch reactor. 


P4-11 
Gaseous reactant in a tubular reactor: A > B 
=r; = КС, 
k =0.0015пип at 80°F 
E = 25,0002. . X =0.90 M, =1000/2. 

g mo hr 
MW, = MW, -58- б Р, =1 inch (LD.) L=10ft 

lbmol 

Р=132 psig =146.7 psia T =260 F =720°R n, = number of tubes 
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lb Ib mol 


1000 — 17.21 — — 
l 
pad inep ші. йе ка ГЭВ шаш 
lb hr x 0.9 r 
lb mol 
For a plug flow reactor: 
y ARDIL _ rof ах 
о ЈА 
б=1-1=0 y, =1.0 Е-у,6-0 
P P 
=r, = КС (1-7 X С, =—“+=— 
A Pu ) AO RT RT 
0.9 0.9 
X F FART 
V=Fy 2. л fa "(тз ino 
d 2ЕС,(1-Х) С» 11-09 ЕР 


At T; = 260°F = 720°, with К; = 0.0015 шіп! at T, = 80°F = 54096, 


k, =k, exp E eee = 0.0015exp о б-т, = 53.6пип 
КТ Г 1.104 540 720 


k, =53.6min™ =3219hr™ 


3 . 
(1912224) 10.73- Ë Psi (ок) 
r lb mol° R 


у = АКТ in 10 и ssec О 
kP (3219hr™)(146.7 psia) 
У =0.72 ft? 
2 
ји А 
4 
4V 4(0.72 f£ ) 
n, ———— = -——— 
к: Е ft (10 
Л == 
12: | Л) 


Therefore 14 pipes are necessary. 


P4-12 
А — В/2 
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Stoichiometry 


: 1 1 

д = 5 э] = 75 
t Б Fao жы 1 
an Едо + Ево + Foo 2 


Е = Удод  -- 1/4 


Mole Balance 
x 
ИА 
Vere = Fag NN 
. о ТА 
Rate Law (elementary reaction, 


"P 
Vi ұй R ЕС 0 ems 
Fao 


(for the integration, refer Appendix A) 
from the Ideal Gas assumption, 

Со = УлоСто 
Substituting Eq.(5), X = 0.8 and e = -1/4 to Eq. (4) yields, 
(1-1/4)%0.8 


2 2 
25 ФИ ERAS ae 


AO 
Molar flow rate of A cut in half, 


E оман (6) 


i 
ta mm Б, 
40 5 AQ 


4 


"Te E 
у, Гуи Кыруу 3 


е = Ушб--1/6 


From Eq. (4), 


Үрр kor 2 ний 2x! 
Урин ав 2 2¢(14e)in(t — X") 42x! 4b шанд 
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2 12 
175515) АО С TO. — 
12 
Е AO 


> 4 DT 14 f\4 x! 
2e (1 Феј и (1 — X) + e^ X' + l а 5 


2 m2 
8 Ven 4oCro = 8 (2.9) =2.58 = 
9 Fo 9 
2(-1/6)(1 — 1/6)n(1 — X") + (-1/6)? X' + ET 
Polymath Non-Linear Equation Solver, X' = 0.758 


@-1/ух' 


Р4-13 


Given: The metal catalyzed isomerization А < В, liquid phase reaction 


С 
=r, =k,| С, -—* | with Ка =5.8 
K 2 
For a plug flow reactor with уд = 1.0, X, = 0.55 


Casel: an identical plug flow reactor connected in series with the original reactor. 


— M жет ел 4 


Since ул = 1.0, 0,= 0. For a liquid phase reaction C, = Си (1 - х) and C, = СХ 


X 

ел (bx) oc 

A АО К ) £| 
For the first reactor, 
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Fao (225: 
К 


eq 
Take advantage of the fact that two PFR’s in series is the same as one PFR with the volume of the two 
combined. 


eq 


ПИ КЕЗЕК ЭЕТ ее Ј = —0.8531n (.355) = 0.883 


Vp z Vi + У = 211 and at Vp X = X; 


Х, 
Х, 
Кыр, "| D шэн 20. ч 1 р 
цн 2 
eq “4 0 
Re Ve об ____- ај-|1+—. |x, 
Fo Fio TER К,, 
K, 
2 EC... 2(0.883) = 1.766 
Fao _ 
1.766 = — L ЕЗ 
Х, = 0.74 | 


Case 2: Products from 1“ reactor are separated and pure A is fed to the second reactor, 


ми 
8 


The analysis for the first reactor is the same as for case 1. 
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юа oe ИВ 
Fo TEN E 
K 


eq 
By performing a material balance on the separator, Fao, = FAo(1-X1) 
Since pure A enters both the first and second reactor Слог = Cao, Сво2 = 0, 0, = 0 


C, = Cay (1 - X) С,-С,,Х for the second reactor. 
ах Ж,(1-Х)% ах 


1 

1 1. es 
1-|1-|1--- |X, d 
xe: Ка | 1- (0.356) 54 


2 
ik. 1.174 


eq 
Overall conversion for this scheme: 


F4, Ел (1- X;) “Бу = ЁК (1- X,)(1- X,) = 


X= -1-(1- E 
F, F, 1-(1-Х,)(1-Х,) 

Х -0.895 

Р4-14 
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Given: Ortho- to meta- and para- isomerization of xylene. 


М--Р 
MEO 


O—— P (neglect) 


Pressure — 300 psig 
Т = 750?F 
V = 1000 fà cat. 


Assume that the reactions are irreversible and first order. 


Then: 

=r, =k Cy * C, = KC, 

kzk +k, 

г=0 

Check to see what type of reactor is being used. 

Case 1: 

и = 25008 _ х=озт 
hr 

Case 2: 

»-166759 x =0.50 
hr 


Assume plug flow reactor conditions: 


F,,dX —-n,dV о 


X 
dX 
V = Во | 
о м 
Са. 
y = [ou =, [Ze ~=~2In(1- xX) 
0 = k(1-X) k 
Cmo, К, and V should be the same for Case 1 and Case 2. 


Therefore, 
E 2 ва! _ gal 
(kV), = (№) на ln(1- Хела) = -2500— In[1—0.37] =11555— 


ы Е gal » gal 
(ау), =- (Ур Др 8 (1 Хале ) = –1667 510 [1-0.50]- 11555— 


The reactor appears to be plug flow since (KV) case 1 = (KV) case 2 


As a check, assume the reactor is a CSTR. 


РХ = Cyo%oX = У 
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СиоХ vX vX 
мә и = —M9— —. ог kV =— 
Ty k(1-X) 1-X 
Again kV should be the same for both Case 1 and Case 2. 


al 
(5)... Хал 250057 (0.37) 


y- 


(КУ) саа саа e EE 
ase = on 1—0.37 hr 
1 
1667 2 (0.50 
(КУ), „оа Хема 1887 р, (030) = 166784 
ase TE 1-0.50 hr 


kV is not the same for Case 1 and Case 2 using the CSTR assumption, therefore the reactor must be 
modeled as a plug flow reactor. 


kV =1155 824 
hr 


al 
11558 " 
kel hr 2455. 87 — 
1000 ft" cat. hr ft^ cat 
For the new plant, with vo = 5500 gal / hr, Ху = 0.46, the required catalyst volume is: 


2 -5500 $2! 
у =—®шщ(1- Х„)=————##—1(1-0.46) =2931 f° cat 
5 1155-44 
hr ft cat 


This assumes that the same hydrodynamic conditions are present in the new reactor as in the old. 


P4-15 


Tube dimensions: L = 40 ft, D = 0.75 in. 
nh = 50 


0.75 


2 
; (ојл | 
gg жыш ag ae 
4 4 


V 
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yz Ea и : | or k= ah In (| 
УуыР \1-Х 


Assume Arrhenius equation applies to the rate constant. 
-E 
At T, = 600°R, К, = 0.00152 = Де 


-Е 
At T; = 760°R, к, = 0.0740 = Ae”? 


k -Е(1 11 ЕТ,-Т 
In 2—|—-—|2—-2—3 

k КО 1) RT 

E Т, k, _ (660)(760) 0.740 
1 


=19,500°R 


~In =A AA n 


К ТТ 4 100 0.00152 


Dividing both sides Бу T gives: 


: 3 
(бабе 1073 рај | 


lbmol*R 


__ |( 360082 з | 
[ооз E = 6м f£ 114.7 psia) 


Evaluating and simplifying gives: 


exp -19500{ 1 E A 
Т 660°R 


0.0308 RT = я 
T 


Solving for T gives: 


T = 738°R = 278°Е 


P4-16 

Reversible isomerization reaction 
m-Xylene — p-Xylene 

Xeis the equilibrium conversion. 


C 
Rate law: —r, = (с. 23 
k, 
At equilibrium, 
С 
ча=0 => C,=— 
k, 
Со (1–Х,)= СХ. 
К, 
__Х,_ 
Б 1—Х, 
1 1-Х X +1-Х 1 
1+—=| 1+ £i=— £ =— 
K, Х, X, X, 
-r, = КС, 23 
P4-16 (a) 
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expl лоо 


Т 


For batch reactor, 


Mole balance: — = 


For PFR, 
ах 
ү-Ё АО |= 
-г, 
m dX 
1-| 1+—— |X 
K, 
1 dX 
Тор Y | 1 
1-|1-— 
Tuy By In— А, 
PFR k m X 
P4-16 (b) 
For CSTR, 
F X 
V = mo 
= 
X 


Tes = p у 1 
4-0 +— 


е 


Putting the value of К,, 


xí Xx 
fom =| у 


P4-16 (c) 


Volume efficiency = 7), 


xy" 


ON (472: - 


Тозтв 
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Following is the plot of volume efficiency as a function of the ratio (X/X,), 


See Polymath program P4-16-c.pol. 


1.0 


0.0 к E UP HP SEES EET. 
0.010 0.208 9.406, 0.604 0.802 1000 


P4-16 (d) 
Efficiency = Урьк / Мсѕтв = 1 from problem statement, which is not possible because conversion will not be 
the same for the CSTR’s in series as for the PFR. 


P4-17 (a) 
А— MB 
£--1/2, X 20.3, W = 1 kg, yai = 0.25 
Cil- X 
For PBR, “а = kC,? аа C,=—9 | ју 
(1+ =) 
dX rn КС,1-ХУу = kC,, 
УД е = — 
Фу Fo удДіе«Х) У, 
ах (-х)у: d 
Сы ИС апі Z acc ре) 
dW (ї+«Х) dW 2у 
Solving for z by trial and error in Polymath to match x and y at exit, 
Х-03 Yo=l and у, 5/20 = 0.25 


we get: a= 1.043 ке! andz=07kg" 
See Polymath program P4-17-al.pol. 


POLYMATH Results 
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Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value 


final value 


М 0 0 1 
х 0 0 0.302004 
y 1 0.2521521 1 
esp -0.5 -0.5 -0.5 
alfa 1.043 1.043 1.043 
2 0.7 0.7 0.7 
Differential equations as entered by the user 
[1] d(x)/d(W) = Z*((1-x)*y/(1+esp*x))}*2 
[2] d(y)/d(W) = -alfa*(1+esp*x)/(2*y) 
Explicit equations as entered by the user 
[1] esp = -0.5 
[2] alfa= 1.043 
[3] Z2 .7 
Now for CSTR: 
2 
EX Хх(з«) 
ыг? z( -X y 
Solving we get for W = 1kg and z = 0.7 kg" 
X 20.40 
See Polymath program P4- 17-a2.pol. 
POLYMATH Results 
NLE Solution 
Variable | ^ Value _ . f(x) Ini Guess 
x 0.396566 -1.142E-13 0.5 
W 1 
esp -0.5 
Z 0.7 
NLE Report (fastnewt) 
Nonlinear equations 
[1] f(x) = W*Z*((129/(1-esp*x))^2-x = 0 
Explicit equations 
111 W=1 
[2] esp=-0.5 
[3] Z=0.7 
P4-17 (b) 
For turbulent flow: 
2 
G? а, (G \/D 
& = (constant) — л = (% t 
D, а, С, Dp; 


4-37 


i 

0.302004 

0.2521521 
-0.5 

1.043 

0.7 


а, = E = 0.0326 аа 2-4 л, =4х07=2.8 
Now solving using polymath: 
See Polymath program P4-17-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


w 0 0 1 1 

x 0 0 0.8619056 0.8619056 
y 1 0.9887079 1 0.9887079 
esp -0.5 -0.5 -0.5 -0.5 

alfa 0.0326 0.0326 0.0326 0.0326 

2 2.8 2.8 2.8 2.8 


ODE Report (STIFF) 


Differential equations as entered by the user 
111 d(xVd(w) = Z*((1-x)*y/(1+esp*x))42 
(21 d(y)/d(w) = -alfa*(1+esp*x)/(2*y) 


Explicit equations as entered by the user 
[1] esp = -0.5 
[2] alfa = 0.0326 
[3] Z=28 


So, conversion in PBR, X = 0.862 


P4-17 (с) Individualized solution 
P4-17 (d) Individualized solution 


P4-18 
Given a Fluidized Bed CSTR: 


FagX 


-TA 


Му = АЙЛ ы КР, 


Р, = СЕТ = Pa ПН аба асы ынды C, RT, 


| 5 AoRT, —— 
v vo(14 eX) : 5 Е 


в 
820 2 Е=0, then P4 = Pagol- X) : 


No pressure drop in the CSTR 
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К & Едо unknown - group into a constant, use values from Ist case: 
k | x | 051 k 1077 
0 


Fao \1-X/PagW 05 20(50) Fag  atmkgcat 
a) Put PFR downstream - less wasted volume 
lpiteeam Ueywastream 


P4-18 (b) 
wp. p dX E P- ou | L2, 
b) PBR: Fao коша kPAo(1 ~ X) = kPAo(1- X)(1- oW) "(since е = 0) 


0 


X; dA РКО, өл ар 
Цэ К х Бо Л (1- aW) "ам 


1-05) 10? 2 2 302 
In || 2байп|--т-т--с 11-11-0018Ка7 50ке 
! - x aumkg 494) | | BUM ke) | 


X, = 0.756 
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P4-18 (c) " 
c) P-Py(1- oW)? -20au(1- 0.018kg^ (50kg)) = 6.3 atm 


P4-18 (d) 


For turbulent flow 


2 2 2 2 \2 
a, =а 2e | | а. (вон) 2) = | -«оомж”" 
D. А. 1) (1.5 


Рош = Po(1- aW)°? = (20atm)(1-0.0142kg'(50kg))' = 10.7 atm 


32 2 

cee n ЕТ РРО „7... [1-(1-0.0142kg (5088) | 
1-Х,| atmkg 3(0.0142К2“) 

Х,= 0.77 

Р4-19 


Production of phosgene іп a microreactor. 
CO + Ch — СОСІ; (Gas phase reaction) 
A+B >С 


See Polymath program P4-19.pol. 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


W 0 0 3.5E-06 3.5E-06 

х 0 0 0.7839904 0.7839904 
у 1 0.3649802 1 0.3649802 
е -0.5 -0.5 -0.5 -0.5 

FAO 2.0Е-05 2.0Е-05 2.0Е-05 2.0Е-05 
FBO 2.0Е-05 2.0Е-05 2.0Е-05 2.0Е-05 
Fa 2.0E-05 4.32Е-06 2.0Е-05 4.32Е-06 
Fb 2.0Е-05 4.32Е-06 2.0Е-05 4.32Е-06 
v0 2.83E-07 2.83E-07 2.83E-07 2.83E-07 
у 2.83E-07 2.444Е-07 4.714Е-07 4.714Е-07 
Ес 0 0 1.568E-05 1.568Е-05 
Са 70.671378 9.1638708 70.671378 9.1638708 
Cb 70.671378 9.1638708 70.671378 9.1638708 
a 3.55E+05 3.55Е+05 3.55Е+05 3.55Е+05 
k 0.004 0.004 0.004 0.004 

rA -19.977775 ~19.977775 -0.3359061 -0.3359061 
Сс 0 0 53.532416 33.259571 


ODE Report (RKF45) 


Differential equations as entered by the user 
[11 d(X)/d(W) = -rA/FAO 
[2] d{y)/d(W) = -а*(1+е*Х)/(2*у) 


Explicit equations as entered by the user 
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[1] е=-.5 

[3] ЕВО = РАО 

[5] Fb = FBO-FAO*X 
7] vz vO*(1«e*X)y 
9] Са = Ғам 

11] а= 3.55е5 


[ 
[ 
[ 
[13] rA=-k*Ca*Cb 


P4-19 (a) 
0.0 
0.0 
0.0 


0.0 


0.0 


0.0 rt a are 
0.0е+0 7.0е-7 1.4е-6 y 2.1е-6 2.8е-6 3.5е-6 


Р4-19 (b) 


The outlet conversion of ће reactor is 0.784 


[2] FAO = 2e-5 
[4] FazFAO*(1-X) 
[6] vO = 2.83е-7 
[81 Ес = FAO*X 
[10] Ср = Fb/v 
[12] k=.004 
[14] Се = Fc/v 


1.0 


0.8 


0.6 


0.4 


0.2 


0.0 —— 
0.0е+0 — 7.0e-7 1-4е-6 A 2.1e-6 2.8e-6 3.5е-6 


The yield is then MW*F,*X = 99 g/mol * 2 e-5 mol/s * 0.784 = .00155 g/s = 48.95 g/ year. 


Therefore 10,000 kg/year / 48.95 kg/ year = 204 reactors are needed. 


P4-19 (c) 
Assuming laminar flow, a ~ D therefore 
D? 
a, = a" 2 


Р2 


L = (3.55x10°kg")4 =14.2x10° kg 
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y 00 
0.0ек0 7067 146-6,(216-6 2.866 3566 00е0 70-7 1466002166 28-6 (35660 


P4-19 (d) 
A lower conversion is reached due to equilibrium. Also, the reverse reaction begins to overtake the forward 
reaction near the exit of the reactor. 


P4-19 (e) Individualized solution 
P4-19 (f) Individualized solution 
P4-19 (g) Individualized solution 


P4-20 (a) 
Mole Balance 
ах 7 
aw ж/А/ до 
Rate Law 
А = КСА 


Veky= ЕС coth Ф - у 


ФесОр 
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сер 


when D, = 2 mm, К = 0.06, п= t 4 2 = 0.02 
3 
0.02 = —— 
: c(2) 
с=75 
(6-75) 
For turbulent flow: = — 28 — = od: 9) (1.756) 
P,A,p(1—- 0 80,06 
constant 
a cence ns, 
P 
а = a,D Po 
Dp, 
2| 0.001" 
ШЕ) ан 


0 


Ac(1-9)PcF 9.89126 dm? (-035) 25:25. (20atm) 
- 


оу 2 8.0*10? kg! 


P4-20 (b) 
See Polymath program P4-20-b.pol. 
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HÀ 


Р4-20 (с) 
Gas, 6-0, C, -С,,0-ХУ 


а a д 
A ++ ur where G == a, Dy 
( 2у D, 
__ ТИ 2207 atm. dm?) 


(94 i QT РЕТТЕРІ ene аы ешн ну нне аа sagen 
| R(-é)eAc 20am(-035]2.65 kg/dm 10.82 dm? 


K = kl Ls (Poh D- | where k = 3 and Ф = 75D 
| Ф : 

DA 

а = 7.08* озы Ра | 
(D, J 

D, ш 1, Cao = 0 207, ro =5 

W=0 X=0 y= 1.0 

W, = 100 


See POLYMATH program Vary D, 


See Polymath program P4-20-c.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


Bias ) ш7.08х107 kg" 


final value 


w 0 0 100 

X 0 0 0.5707526 
ү 1 0.2366432 1 

Dp 0.0075 0.0075 0.0075 

Q 0.5625 0.5625 0.5625 
Fao 5 5 5 
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100 
0.5707526 
0.2366432 
0.0075 
0.5625 

5 


M сз 


alpha 0.00944 0.00944 0.00944 0.00944 


Cao 0.207 0.207 0.207 0.207 
kprime 2.9385672 2.9385672 2.9385672 2.9385672 
ra -0.1259147 -0.1259147 -0.0012992 -0.0012992 


ODE Report (RKF45) 

Differential equations as entered by the user 
[1] d(X)/d(w) = -ra/Fao 
[2] d(y)/d(w) = -alpha/2/y 


Explicit equations as entered by the user 


[1] Ор = .0075 
[2] Q=75*Dp 
[3] Fao=5 


[4] alpha = .0000708/Dp 

[5] Сао = .207 

[6] Крите = 3*(3/Q42)*(Q*coth(Q)-1) 
7] га = -кКрите*(Сао*(1-Х)*у}^2 


pp *5 0.4 0.5 


0001 0.2 


Р4-20 (4) Individualized solution 
P4-20 (е) Individualized solution 
P4-20 (f) Individualized solution 

P4-20 (g) Individualized solution 
P4-20 (h) Individualized solution 


P4-21 (a) 
Assume constant volume batch reactor 


dx 


Mole balance: С, — = —r 
л А 


Rate law and stoichiometry: —r, = КС, = КС ( 1-X ) 
Specific reaction rate: k (25° С ) = 0.0022 weeks"! 


Combine: 
х dX 41 
t=C ----------іп(1-Х 
сэ) k l ) 
52.2 weeks = Ш) 
0.0022 weeks 
X =0.108 


Се= Cy (1 -Х ) but since volume and molecular weight are constant the equation сап be written as: 


тл-т,(1-Х) 


4-45 


E 


650010 -т,,(1-0.108) 


тло 728710 

MOU _ Cao Са 44099 = 1287 = 9500 „100 = 12 рор 
C 6500 

P4-21 (b) 


10,000,000 Ibs/yr = 4.58 * 10? g/yr of cereal 

Serving size = 30g 

Number of servings per year = 4.58 * 109/30 =1.51 * 10? servings/yr 

Each serving uses an excess of 787 IU = 4.62 * 10* = 1.02 * 10° Ib 

Total excess per year = (1.51 * 10° servings/yr) * (1.02 * 10° Ibs/serving) = 154.11 Ib/yr 
Total overuse cost = $100/Ib * 154.11 Ib/yr = $15411 / yr (trivial cost) 


P4-21 (c) 

If the nutrients are too expensive, it could be more economical to store the cereal at lower temperatures 
where nutrients degrade more slowly, therefore lowering the amount of overuse. The cost of this storage 
could prove to be the more expensive alternative. A cost analysis needs to be done to determine which 
situation would be optimal. 


P4-21 (d) 
k ( 40'C ) = 0.0048 weeks 6 months = 26 weeks 
х dX -1 
РЕС ы = eX 
“ПХ k ел) 


26weeks = —Á— In(1- X) 
0.0048 weeks 


X =0.12 


Cea Cio (1 -X ) but since volume and molecular weight are constant the equation can be written as: 


т, -т,(1-Х) 

650010 -т,(1-0.12) 

т, = 738610 

%OU _ Cao 7 C4 «(99 = 7380-0500 , 00 =13.6% 
С, 6500 


Р4-23 
CH;OHCH;CI + NaHCO, xx (CHOH) + NaCl + CO, 
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A + B — C + D 
Едо = 0.1 mol/min = 6 mol/hr 


P4-23 (a) 
dC y 

Mole balance: T v (c an e Я 

dC, Vo 

--Н- = -С 

P y Ca) 

Rate law: r, =—kC,C, 

V =V; жуу 


See Polymath program P4-23-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 250 

Са 0 0 0.15 

Cb 0.75 1.395E-13 0.75 

Cc 0 0 0.829586 
Fao 6 6 6 

Cao 1.5 1-5 1.5 

k 5d 5.1 5.1 

Vo 1500 1500 1500 

vo 4 4 4 

V 1500 1500 2500 

Үү: 0 -0.0039398 0 

Xb 0 0 d 

Nc 0 0 2073.9649 


ODE Report (RKF45) 


Differential equations as entered by the user 
[11 d(Ca)/d(t) = r+(vo/V)*(Cao-Ca) 
[2] d(Cb)/d(t) = r+(vo/V)*(-Cb) 
[3] «Сосуа() = -r+(vo/V)*Cc 


Explicit equations as entered by the user 
[1] Fao=6 
[2j Cao=1.5 
[3] k=5.1 
141 Мо = 1500 
[5] мо = Fao/Cao 
[61 У = Vo-vo'*t 
[7] r=-k*Ca*Cb 
[8] Xb = 1-Cb*V/(0.75*1500) 
[9] Nc = Се'М 
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duc A 


final value 
250 

0.15 
1.395E-13 
0.829586 
6 

1.5 

Б. 

1500 

4 

2500 
-1.067Е-13 
1 
2073.9649 


0.0et0 ГЕ pire 
Р, 
f 


ЈА ША ли Nc Tn -4.0e-3 ЕЕ А A | а | 
09 0 50 100 t 150 200 230 Ци 0 50 100 t 150 200 250 
9.90 3000 
0.72 2400 
0.54 1800 
0.36 1200 
0.18 600 
0.04 met aa ( 
ыг 50 100 t 150 200 250 j 0 30 100 t 150 200 250 
P4-23 (b) 


Taking average time for activities like charging, heating, cleaning = 4.5 hr 
So, if there is one batch per day, the time for reaction = 24-4.5 hr = 19.5 hr 


Since at the temperature at which we are operating the reactor no side reactions occur, the quickest way to 
run the reaction will be at the highest flow rate of A (2 mol/min or 120 mol/hour) 


But at 19.5 hours and a flow rate of 120 mol/hr, 1560 dm? would be added to the reactor. Because the 
volume of the reactor is 2500 dm’, and there is already 1500 dm? of B in the reactor, the reaction cannot not 


run for 19.5 hours at a flow rate of 120 mol/hr (2 mol/min) 


Also, because there is 1500 dm? of B at a concentration of 0.75 M, there are only 1125 moles of B to react. 
This means about 750 dm? of 1.5 M A is all that can be reacted. More A may be added to the reactor to 
keep the reaction rate high as the concentration of B drops, but adding twice the necessary volume would be 
a waste of time and material (on top of being physically impossible!). 


To add 1125 moles of A at a rate of 120 mol/min takes 9.375 hours. Using the Polymath code from part (a) 
and changing Fao to 120 and the time to 9.375 gives 1107 moles of C. Allowing the reaction to go for 9.5 
hours results in 1115 moles of C and a reaction time of 10 hours gives 1124 moles of C. 


Now consider multiple batches per day. If two batches are run, then there will be 9 hours of downtime, 
meaning that the time for the reaction will be 15 hours - split between the two batches, with a maximum 
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MÀ se 


batch time of 10 hours. The following table shows the three possible times for reactions and the moles of C 
that are formed from the two batches. 


Maximum Batch Time Total Moles of C 
(hr) 


1723 


So the best setup will be to run 2 batches per day. One batch will run for 8 hours and the second batch for 7 
hours. Both will be run with a flow rate of 2 mol/min of A. 


(If three batches are run there will be 13.5 hours of downtime and only 10.5 hours for the reaction. A 
maximum of 1257 moles of C can be formed if the time is split evenly for each batch (3.5 hours).) 


See the Polymath code from part (a) and vary time and flow rate. 


P4-23 (c) 
Fao = 0.15 mol/min = 9 mol /hr 


vo = Fao/Ca = 9 mol/hr / 1.5 mol/dm? = 6 dm/hr 
1000 ат? is needed to fill the reactor. At 6 dm’/hr it will take 166.67 hours 


Now solving using the code from part (a) with the changed equations: 


See Polymath program P4-23-c.pol. 
1.0 
9.8 
0.6 


0.4 


0.2 


66 , 99 


л, 


Р4-24 
NaOH + CH,COOC,H, —— CH,COO" Ма“ + C,H,OH 


A+ B—>C+D 
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Mole balance: T us ago "m 
ас, Vo ас, Vo 
20420 = — xi 
- v ce) = y CCo) 
Rate law: r, = ЕСС, 
V =V; +Yot 
k =k, exp г: 
КТ Т 


To produce 200 moles of Р, 200 moles of A and 200 moles of В are needed. Because the concentration of 
A must be kept low, it makes sense to add A slowly to a large amount of B. Therefore, we will start with 
pure B in the reactor. To get 200 moles of B, we need to fill the reactor with at least 800 dm? of pure В. 
Assume it will take 6 hours to fill, heat, etc. the reactor. That leaves 18 hours to carry out the reaction. We 
will need to add 1000 dm’ of A to get 200 moles in the reactor. We need to check to make sure the reactor 
can handle this volume if only 1 batch per day is to be used. Since we add 1800 dm? or 1.8 m? and the 
reactor has a volume of 4.42 m? we can safely carry out a single batch per day and achieve the necessary 
output of ethanol. 


Now vary the initial amount of B in the reactor, the flow rate of A, and the temperature to find a solution 
that satisfies all the constraints. The program below shows one possible solution. 


See Polymath program P4-24.pol. 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 6.5Е-04 6.5E404 
Ca 0 0 0.1688083 0.1688083 
Cb 0.25 0.0068364 0.25 0.0068364 
Cc 0 0 0.0151725 0.0142903 
са 0 0 0.0151725 0.0142903 
ko 5.2Е-05 5.2Е-05 5.2Е-05 5.2E-05 
Fao 0.04 0.04 0.04 0.04 

Cao 0.2 0.2 0.2 0.2 

Vo 1200 1200 1200 1200 

vo 0.2 0522 0.2 0.2 

T 308 308 308 308 

k 1.224E-04 1.224Е-04 1.224Е-04 1.224Е-04 
ra 0 0 1.397Е-06 1.412Е-07 
V 1200 1200 1.42E+04 1.42Е+04 
Ne 0 0 202.92284 202.92284 


ODE Report (RKF45) 


Differential equations as entered by the user 
{1] d(Ca)/d(t) = -ra+(vo/V)*(Cao-Ca) 
[21 d(Cb)/d(t) = -ra-(vo/V)*Cb 
[3] 9(Сс)/9( = ra-(vo/V)*Cc 
[41 d(Cd)/d(t) = ra-(vo/V)*Cd 


Explicit equations as entered by the user 


4-50 
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[1] Ко = 5.2е-5 

[2] Fao = .04 

[3] Сао = .2 

[4] Мо = 1200 

[5] мо =Fao/Cao 

[6] T= 35+273 

[7] К = ko*exp((42810/8.3144)*(1/293-1/T)) 
{8] ra=k*Ca*Cb 

9] V=Vo+vo"t 

[10] Nc = Сем 


P4-25 (a) 
А e B + 2C 


To plot the flow rates down the reactor we need the differential mole balance for the three species, noting 


that BOTH A and B diffuse through the membrane 


dF 
ay 7A 
dF, 
m s 
dF, 

=> 
dV < 


Next we express the rate law: 
First-order reversible reaction 


Transport out the sides of the reactor: 


К.С Е. 
Ra = КС, = 4-204 
1 
К,С,,Е, 
Вв = КвСь = В То B 
Т 
Stoichiometery: 


-ГА tg 71/2 tc 


Combine and solve in Polymath code: 


See Polymath program P4-25-a.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 
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Variable initial value minimal value maximal value final value 


v 0 0 20 20 

Fa 100 57.210025 100 57.210025 
Fb 0 0 9.0599877 1.935926 
Fc 0 0 61.916043 61.916043 
Kc 0.01 0.01 0.01 0.01 

Ft 100 100 122.2435 121.06199 
Co 1 1 1 1 

K 10 10 10 10 

Kb 40 40 40 40 

ra -10 -10 -0.542836 -0.542836 
Ка 1: 1 T 1 

Ra 1 0.472568 1 0.472568 
Rb 0 0 2.9904791 0.6396478 
Fao 100 100 100 100 

X 0 0 0.4278998 0.4278998 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
11 d(Fayd(v) = ra - Ra 

21 d(Fbyd(v) = -га - Rb 

31 d(Foyd(v) = -2*га 


Explicit equations as entered by the user 
11 Ke=0.01 

21 Ftz Fas Ер+ Fc 

3] Со=1 

41 K=10 

5] Kb=40 

6] га = - (K*Co/Ft)*(Fa- Co^2*Fb*Fc^2/(Kc*Ft^2)) 


j Kaz1 
8} Ra=Ka*Co*Fa/Ft 
91 Rb = Kb*Co*Fb/Ft 


0 4 8 12 16 20 


P4-25 (b) 


The setup is the same as in part (a) except there is no transport out the sides of the reactor. 
See Polymath program P4-25-b.pol. 


POLYMATH Results 


4-52 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


v 0 0 20 20 

Fa 100 84.652698 100 84.652698 
Fb 0 0 15.347302 15.347302 
Fe 0 0 30.694604 30.694604 
Ke 0.01 0.01 0.01 0.01 

Ft 100 100 130.6946 130.6946 
Co 1 1 1 1 

K 10 10 10 10 

ra -10 -10 -3.598Е-09 -3.598Е-09 
Fao 100 100 100 100 

x 0 0 0.153473 0.153473 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Fa)/d(v) = ra 
[2] d(Fb)/d(v) =-ra 
[3] d(Fe)/d(v) = -2*ra 
Explicit equations as entered by the user 
[1] Кс= 0.01 
[2] Ё = Ра+ Fb+ Ес 
[3] Со= 1 
[4] Ka 10 
[5] га = - (K*Co/Ft)*(Fa- Co^2*Fb*Fc^2/(Kc*Ft^2)) 


X PFR 
[ X Membrane 


0.10 
0.05 


0.00 


14 16 


Р4-25 (c) Conversion would be greater if C were diffusing out. 
P4-25 (d) Individualized solution 
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P4-26 

CO + Н:О => СО; F Н, 

A+ B ес +D 
Assuming catalyst distributed uniformly over the whole volume 


ав, dF; dF; dF, 
Mole balance: — =r = = – =-r—-R, 
dW dW dW dW 8 
САС 
Rate law: гет=ђе-т =—т„ =—К| С.С, - 8 
eq 
Ry, = Ky, D 
| Е F, F, 
Stoichiometry: С, = Со 5 C, = С гд биз ба т. 
Е 
С, =Сь — 
р 77 


F; =F, tF; tF; +Fp 
Solving in polymath: 
See Polymath program P4-26.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


W 0 0 : 100 100 

Еа 2 0.7750721 2 0.7750721 
Fb 2 0.7750721 2 0.7750721 
Ес 0 0 1.2249279 1.2249279 
ға 0 0 0.7429617 0.5536716 
Кеа 1.44 1.44 1.44 1.44 

Ft 4 3.3287437 4 3.3287437 
Cto 0.4 0.4 0.4 0.4 

Ca 0.2 0.0931369 0.2 0.0931369 
Cb 0.2 0.0931369 0.2 0.0931369 
Kh 0.1 0.1 0.1 0.1 

Ce 0 0 0.147194 0.147194 

са 0 0 0.0796999 0.0665322 
Rh 0 0 0.00797 0.0066532 
k 1:37 1.37 1.37 1.37 

r -0.0548 -0.0548 -0.002567 -0.002567 


ODE Report (RKF45) 
Differential equations as entered by the user 


[1] d(Fa)/d(W) =r 
21 d(Fb)/d(W) =r 
[3] d(Fe)/d(W) =-r 
[4] d(Fd)/d(W) = - r -Rh 


Explicit equations as entered by the user 


[1] Кед = 1.44 
2] Ft=Fa+Fb+Fo+Fd 
[3] Cto=0.4 
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[4] Ca = Cto*Fa/Ft 

5] Cb = Cto*Fb/Ft 

[6] Kh=0.1 

[7] Ce = Cto*Fc/Ft 

8] Cd = Cto*Fd/Ft 

191 Rh = Kh*Cd 

[10] k= 1.37 

(111 r=-k*(Ca*Cb-Cc*Cd/Keq) 


For 85% conversion, W = weight of catalyst = 430 kg 


In a PFR no hydrogen escapes and the equilibrium conversion is reached. 


7 с.с, ex d= ху 5 ГЕ ху 


solve this for X, 


X = 5454 
This is the maximum conversion that can be achieved in а normal PFR. 


If feed rate is doubled, then the initial values of Fa and Fb are doubled. This results in a conversion of .459 


2.0 
1.6 
12 
0.8 


04 


ААА —————————————————————————————————— 


P4-27 Individualized solution 


P4-28 (a) 
Assume isothermal and e=0 


therefore, P=Po9(1-aW)* 1=10(1-.01 g'W)? 


W = 99g 
P4-28 (b) 
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Ca = Cao (1-Х) Р/Ро 


Сл = Сло(1 -Х) (1 - 0.01 W)? 
Integrate from X=0 to X=.9 
dX a КС,, (1- Х) 
а” Fo 

W = 59885 

First 5% conversion integrate from X=0 to X=.05 


0-019/)7 


W=1.31 g 
Last 5% conversion integrate from X=.85 to X=.90 


W=10.85 g 


P4-29 Individualized solution 


P4-30 (a) 
First order gas phase reaction, 
CsHsCH(CH3). > СН; + ОН 
Yao :160-1:55-1 


PIRA E а 
Р, Pus 

For a PBR: 
dX а(1-Х) 
у. 1 
aW (1+X)> = 
TEL (2) 
aw 2y 


X = 0.064 and y = 0.123, 

Solving (1) and (2) by trial and error on polymath we get, 
а = 0.000948 (kg of catalyst)” 

а = 0.000101 dm? 
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Now solve for a fluidized bed with 8000 kg of catalyst. 
X 


— Г, 


Ер 


Моје ђајапсе: УУ = 


Rate law: —r, = КС, 


1-Х 
Stoichiometry: C, = С mer 
+ 1 
Combine: W = Х(1єех) = 8000 = _ Х(+Х) _ 
а(1-Х) 0.000101(1— X) 

X =0.37 
P4-30 (b) 
For a PBR: 
dX a (1 SX) 
а” (1+X) и 
dy __(1+Х) 
dW 2y 
where а = —42. 

AO 


From chapter 12 we see that k will increase as Dp decreases. We also know that for turbulent flow 


1 
а ~ —— . This means that there are competing forces on conversion when Ор is changed. 


We also know that alpha is dependant on the cross-sectional area of the pipe: Œ ~ —— 
But alpha is also a function of superficial mass velocity (G). If the entering mass flow rate is held constant, 


then increasing pipe diameter (or cross-sectional area) will result in lower superficial mass velocity. The 
relationship is the following for turbulent flow: 


1 
G~— and @~G’ 


1 
therefore, Œ ~ NE. 


If we combine both effects on alpha we get the following: 


1 1 
а 

Ас Ас 

1 
а---- 


Ac 


So increasing pipe diameter will lower alpha and increase conversion and lower pressure drop. 
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—— P O с=с 


For Laminar flow: 


1 
2 
D; 
so decreasing the particle diameter has a larger effect on alpha and will increase pressure drop resulting in a 
lower conversion. 


а- 


1 
For Laminar flow Œ ~ С and so (t ~ — . 


This means increasing pipe diameter will have the same trends for pressure drop and conversion but will 
result in smaller changes. 


P4-30 (c) Individualized Solution 


g = 0.33(1-3) = -0.666 — Pag = 0.333*10 Fag = 13.33 К=0.05 
Mole balance: dX/dW = -ra/Fao 

Rate law: тА = -КРв 

Pa = Pao(1 - X)/(1 - 0.666X) Pg = 2РА 

Рс = PAoX/(1 - 0.666X) 

For a = 0, у = 1(по pressure drop) 


0 


60 80 2 40 60 80 


уу 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


W 0 0 100 100 

X 0 0 0.995887 0.995887 
K 0.05 0.05 0.05 0.05 

Pao 9:33 3.33 35733 3.33 

Ра 3.33 0.0406732 3.33 0.0406732 
РЬ 6.66 0.0813464 6.66 0.0813464 
Pc 0 0 9.8482838 9.8482838 
Fao 13.33 13%33 13,33 13.33 

ra -0.333 -0.333 -0.0040673 -0.0040673 
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esp -0.666 -0.666 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(X)/d(W) = -ra/Fao 


Explicit equations as entered by the user 


11 К-0.05 
[2] Pao = 0.333*10 
31 Paz Pao*(1 - Х)/(1 - 0.666*X) 
[4] Pb=2*Pa 
51 Pc =Pao*X/(1 - 0.666*X) 
[6] Fao = 13.33 
[7] ra=-K*Pb 
8] esp = -0.666 


-0.666 -0.666 


For first 5% conversion weight required = W4 = 2 kg 
For last 5% conversion weight required = W3 = 38 kg 


Ratio = Wy Wi =19 
Polymath solution (4-34 a) 


P4-31 (b) 
For а = 0.027 kg", 
Polymath code with pressure drop equation: 


See Polymath program P4-31-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


w 0 0 

X 0 0 

y 1 0.1896048 
K 0.05 0.05 

Pao 3.33 3.33 

Pa 3.33 0.4867002 
Pb 6.66 0.9734003 
Pc 0 0 

Fao 13.33 13.33 

ra -0.333 -0.333 

esp -0.666 -0.666 
alfa 0.027 0.027 


ODE Report (STIFF) 


Differential equations as entered by the user 
111 d(Xyd(w) = -ra/Fao 
21 d(y)/d(w) = -аНа*(1 - езр*Х)/(2*у) 


Explicit equations as entered by the user 
1] K=0.05 

[2] Pao =0.333*10 

[3] Ра = Pao*(1 - X)*y/(1 - 0.666*X) 
(41 Pb=2*Pa 

5] Ре =Pao*X*y/(1 - 0.666*X) 

[6] Fao = 13.33 


30 30 
0.4711039 0.4711039 
1 0.1896048 
0.05 0.05 

3.33 3:33 

3.33 0.4867002 
6.66 0.9734003 
1.0583913 0.4335164 
13.33 13.33 
-0.04867 -0.04867 
-0.666 -0.666 
0.027 0.027 

7.0 


00 gee ae 7 : Я 
4-59 0 6 12 w 18 24 30 


—— р 


[7] ra=-K*Pb 
[8] esp = -0.666 
191 alfa = 0.027 


P4-31 (c) 
1) For laminar flow: 
Diameter of pipe = D and diameter of particle = Dp 
Now D,/D, = 3/2 so бі = 4/9G, 
a = (constant)(G/Dp”)(1/Ac) 
So & = а0(бу/б Фу De) (D/D)? 
= а0(4/9)(2/3) 0/3): = 0.00237 kg" 
Less pressure drop and more conversion for same weight of catalyst as in part (b). 


2) For turbulent flow: 
В © G’/Dp 
a = (constant)(G*/Dp)(1/Ac) 
So, а = ао(бубо) (Рру Dpi)(D/Di)” 
= 00(4/9)2(2/3)(2/3) = 0.0016 kg” 
Again less pressure drop and more conversion for the same catalyst weight. 


It is better to have a larger diameter pipe and a shorter reactor, assuming the flow remains the same as 
through the smaller pipe. 


P4-32 (a) 
СС | 
At equilibrium, r= 0 => С, С, LL | 
C | 
У = Vo + Vot | 
С Ei 2 Со (1-Х) - с.о(-Х) 
А V V : 
a ITE 
Vo Vo 


= 


Now solving in polymath, 
See Polymath program P4-32-a.pol. 


P4-32 (b) 
See Polymath program P4-32-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 1.5Е+04 1.5Е404 
Са 7.72 0 2074331 7 72 0.2074331 
сь 10.93 7.6422086 10.93 9.51217 
Сс 0 0 3.2877914 1.41783 
са 0 0 3.2877914 1.41783 
Kc 1.08 1.08 1 08 1 08 

k 9.0E-05 9 OE-05 9.0Е-05 9.0Е-05 
ха -0.0075942 -0.0075942 -1.006Е-05 -1.006Е-05 
vo 0.05 0.05 0.05 0.05 

Vo 200 200 200 200 

M 200 200 950 950 

X 0 0 0.9731304 0.9731304 


Mid 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 


3976 5952 8928 11904 14880 


11 d(Ca)/d(t) = ra - Ca*vo/V 
2j d(Cb)/d(t) = га - vo/V*(Cb- 10.93) 
31 d(Coyd(t) = -ra - vo*Cc/V 


а] d(Cd)/d(t) = -ra - vo*Cd/V 


Explicit equations as entered by the user 
11 Кс- 1.08 


21 k=0.00009 
3] ra=-k*(Ca*Cb - Cc*Cd/Kc) 
41 мо =0.05 
5] Мо = 200 
6j М= Мо + мо 
71 X=1-Ca/7.72 
9.0е0 = 
-1.6e-3 
-3.2е-3 МЭ 
-48e-3 || 
6.4е-3 | 
-8.0e-3 L——— te 


0 2976 5952, 8928 11904 14880 


Polymath solution 


P4-32 (c) 
Change the value of v, and Cao in the Polymath 
program to see the changes. 


P4-32 (d) 

As ethanol evaporates as fast as it forms: Ср= 0 
Now using part (b) remaining equations, 

Polymath code: 


See Polymath program P4-32-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value final value 


t 0 0 

Ca 7.72 0.0519348 
Cb 10.93 6.9932872 
к 9.0Е-05 9.0E-05 
ra -0.0075942 -0.0075942 
vo 0.05 0.05 

Vo 200 20 


2.0еңі 


1.6etl 


12etl| 


8.0е+0 


4.0е+0 


0.0е+0 


0 2976 


1189 


5952. 8928 


11904 14880 


2378 , 3567 
6000 
0.0519348 
7.8939348 
9.0Е-05 
-3.69Е-05 
0.05 

200 


V 200 200 
X 0 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Ca)/d(t) = ra - Ca*vo/V 
[2] d(Cb)/d(t) = ra - vo/V*(Cb- 10.93) 


Explicit equations as entered by the user 
[1] k=0.00009 

[2] ra=-k*Ca*Cb 

ІЗІ vo=0.05 

141 Vo=200 

[5] V=Vo + мої 

[6] X=1-Ca/7.72 


0.0е--0 


-1.6e-3 


-32e-3 


-4.8e-3 


-6.4e-3 


-8.0e-3 L——— —— 
0 1189 2378 , 3567 4756 5945 


P4-32 (e) Individualized solution 
P4-32 (f) Individualized solution 


P4-33 (a) 


Mole balance on reactor 1: 


dN | 1 
Суд Саў у = Us with Уд = 27% 
Хан, – Слу у = Ол 


Liquid phase reaction so У and v are constant. 


Mole balance on reactor 2: 


0 
0 
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500 


0.9932727 


500 
0.9932727 


1189 2378 | 3567 4756 5945 


mn————— ———— 


Mole balance for reactor 3 is similar to reactor 2: 


dN 
Съз – Саур T aV = FS 


Rate law: 


и = КС Cy, 


Stoichiometry 
For parts a, b, and c Сл; = Са 


a 
so that 7r, = КСА, 


Combine: 

Cio _ Са = КС? = ас, 
2T T dt 

Са C. aci -Ca 
T T | dt 

Со Са. kC? = ас, 
T T Bs dt 


See Polymath program P4-33.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


final value 


t 0 0 100 

Cal 0 0 0.8284264 
Ca2 0 0 0.7043757 
Ca3 0 0 0.6109587 
k 0.025 0.025 0.025 

Cao 2 2 2 

tau 10 10 10 

X 1 0.3890413 1 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
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100 
0.8284264 
0.7043757 
0.6109587 
0.025 

2 

10 
0.3890413 


и 


=~ 
= 


1 d(Cat)/d(t) = (Cao/2 -Са1)лаи -k*Ca1^? 
[2] d(Ca2yd(t) = (Cat - Ca2)/tau -К*Са2^2 
[3] d(Ca3)/d(t) = (Са? - СаЗ)Лаи -k*Ca3^2 


Explicit equations as entered by the user 
[1] k=0.025 
[2] Cao=2 
[3] tau=10 
[4] X=1-2*Ca3/Cao 


From Polymath, the steady state conversion of A is approximately 0.39 


P4-33 (b) 

99% of the steady state concentration of A (the concentration of A leaving the third reactor) is: 
(0.99)(0.611) = 0.605 

This occurs at t = 


P4-33 (c) 


The plot was generated from the Polymath program given above. 


0.90 


P4-33 (d) 
We must reexamine the mole balance used in parts a-c. The flow rates have changed and so the mole 


balance on species A will change slightly. Because species B is added to two different reactors we will also 
need a mole balance for species B. 


Mole balance on reactor 1 species A: 


ам, . 2 200 
Cora Cav УҢ = T with Уу = 3% and v = 15 
2C. dN 
Заг Vo Слу = ae 


Liquid phase reaction so V and v are constant. 
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Mole balance on reactor | species B: 


IN 
C C Ы | V = Bi 
BoV Bo m Рі 


1 
and Уб = 27 
3 


Stoichiometry has not changed so that —гд = -гв; and it is a liquid phase reaction with V and v constant. 


С» 2 Са -r = ас», 
А1 
3r T dt 


Mole balance on reactor 2 species A: 
We are adding more of the feed of species B into this reactor such that уҙ = Vo + уво = 20 


dN 
Сим — Србу — оу = Е 
dt 
C C d V 
LALLA p, = where 7, = — and 7, = — 


Mole balance on reactor 2 species B: 


Cav, + СвоУво — Cg; — Ту = Mn 
Са + 27717738 Co = ас, 
T A2 

T V Т, й 


Mole balance for reactor 3 species А: 
ам 
Саз-Саз-Ғау---і 


dt 


dN 
Су, С.у, 7 rV = — 88. 
8272 B3'2 A3 dt 
Са Са , _ ЯСьз 
T ECT. 


Rate law: 
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ва 


rj; = KC С, 


See Polymath program P4-33-d.pol. 


POLYMATH Results 
Calculated vaiues of the DEQ variables 


Variable initial value minimal value maximal value final vaiue 


t 0 0 100 100 

Cal 0 0 1.1484734 1.1484734 
Ca2 0 0 0.7281523 0.7281523 
саз 0 0 0.6278144 0.6278144 
сь1 0 0 0.4843801 0.4821755 
срг 0 0 0.7349863 0.7291677 
Cb3 0 0 0.6390576 0.6309679 
k 0.025 0.025 0.025 0.025 

Cao 2 2 2 2 

tau 13.333333 13.333333 13.333333 13.333333 
X 1 0.3721856 1 0.3721856 
tau2 10 10 10 10 

V 200 200 200 200 

vbo 5 5 5 5 


ODE Report (ККЕ45) 


Differential equations as entered by the user 

[1] d(Cat)/d(t) = (2*Cao/3 -Са1)Лаи -К*Са1*СЬ1 

2] d(Ca2)/d(t) = Cat/tau - Ca2/tau2 -k*Ca2*Cb2 

[3] d(Ca3)/d(t) = (Ca2 - Ca3)/tau2 -k*Ca3*Cb3 

[4] d(Cb1)/d(t) = (1*Cao/3-Cb1)/tau-k*Ca1*Cb1 

5] d(Cb2)/d(t) = Cb1/tau--Cao*vbo/V-Cb2/tau2-k*Ca2*Cb2 
[6] d(Cb3)/d(t) = (Cb2-Cb3)/tau2-k*Ca3*Cb3 


Explicit equations as entered by the user 
1] k=0.025 

[2] Cao=2 

[3] tau = 200/15 

[4] Х=1- 2*Ca3/Cao 

[5] tau2 = 10 

6] V=200 

[7] vbo=5 


Equilibrium conversion is 0.372. 
This conversion is reached at t = 85.3 minutes. 
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v—— RM 


E 20 40 60 


P4-33 (e) Individualized solution 


CDP4-A 


80 100 


CHI + AgClO, > СНОО, + Agi 


0.7 mol/l CHT = С 


3 BO 
0.5 mol/l ЖАРЫҢ ш CAO 
У = 30 di 
о 
3/2 
т = ЕС С 
CHT CE.I AgC10, 
p 9 3/2 
Е = 0.00042 (dm жет? (ылы 
Х = 0.98 
Let А = AgC10,, В= CHI 
4 3 
Ё 
ci 
t=h pp 
АО |; НА. 
У = Yo (liquid phase) 
CDP4-B 
a) 


қ af - p с EnH 


08 - - X) С о 


9 


1 
a (CL Erie 
1 72298 X mur 


59 


Integration for Х 


СЫ ника нн нн дн p Shri te 


0 


9.00042 (0.5) 


t = 1,628x10 
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5 


ieg 


ну зал 


RCE: «ши 


(115. = na- n?? 


= 0.98, solved numerically 


әр 024.18) 


= 45,2 hr 


N 
Mole Balance: gue mE Е +n 
dt 
dC 5 5 are 
У Bs = Су“ САМ, КСМ 
іс, Сам. Calvet Y) 
de V У 


Use POLYMATH to plot C, vs. t 


сш 


ши, a (b) Ca vs t Я 
Equations: | "Са “acc \ 
d(ca)/d(t) = (caotvo/v) < (саз (X*vevo) /v) 
сасз4.8 С. tem 
vor 70000 
v«15000000 Аш 
"kd. 0025 iia ss 
жо 0. Se 1000 
x.60m 
ын t 
For steady-state: 
t 
t = d. 6 o = 64] hrs 
ick 
RE уаң 
C, = 2225. 22,930 me/dm? 
А Кужу, á 
99% of this is 2.906 mg/dm’, which is below the standard of 3.0 mg/dm'. 
Polymath solution( Ans CDP4-B-a) 
b) 
ам 
Mole Balance: емеш Ро te М 
dt ~ A А 
ам 
m aC v СМ“ КОМ 
Use POLYMATH to generate plot of C, and М, vs. t. 
Equations: 
1 | «Жо oe т 
d(nal /d(t) acao*vo-ca*vout-k*ca i Na vs t m 
саоч4.5 ~ | e 
Key TAE ел 
vor 70000 DIN a H ue 
voutss50000 2.209 
kz0.0025 
чэ20000": cx 
casna/w 
: tx 
узео tg x 750 
aata EE DE TE х на 
хасса «аш. хз drm OS Wy. So 


MI Cavst 


è poU 
Му m еони 
3.000 = Bn 
| 
i 
"ET 
| 
i 
aon пе али ынын ыыр E i f t E 
6.003 182.009 322.200 HC CU] жак) E rie ipsa] 
t 
Polymath solution(Ans CDP4-B-b) 
c) es 
Use same equations as in part (а), 9 
ёслон 57 
but change С, =з зо С, = 51 ocos сї] 53 
Е 49 
Equations: 45 
айсау/й(сілісас”уо/у)-ісаз(кеуеуо)/ч) 4 
саоо4.5-2“со6142.14159/80%ш5 37 
vars 70990 33 
5215000000 29 
25 


К=9. 0025 


со = 9. Eg а 1000 


Polymath solution(Ans CDP4-B-c) 


d) This part is almost same as part(b) with minor changes: 
V = 15000000 - 10000t 
Vo= 80000 and voy, = 70000 


The reason the graph looks so different from(a) is that pure water is evaporated, but water with atrazine is 
coming in. 


45 

Polymath code: 44 

d(ca)/dt-cao*vo/v)- 

(са (kv+vout) /v) + 

са(0)=4.5 # 42 

уо = 80000 # 41 

v = 15000000 - 10000*t 

k = 0.0025 # 40 

cao = 4.5 # 29 

vout = 70000 # 38 

t(0)20 # 

Е (Е) =1000 Pf 
38 


35 


NAE РВИ PNE 


Polymath solution(Ans CDP4-B-d) 


CDP4-C 


a)Find the number of moles of receptors: 
cells 


1x105 —— *1x10? receptors, — 1 mole receptors, 1000mL 
mL cell 6.022 x 10? receptors 
1.66 х1077 те, OIL = 1.66 x 107 "moles 
Design equation: | 
N = -r 
40 at шанг” 
Rate Law: 
-r = КСС, 
Stoichiometry: 
C, = CA (1 X) 
C, = С, (8, — X) 
Where: 
Total number of moles: 
1.66x1077 1x10? = 1.002 x 10? 
hence; 
1:66 x10" ~ 
= 17 
"7199x103 09 
1x10” 
=> =0. 998. 
s 22710025209 
| 0.998 
9 ШЕ мене TER 587 
% 0.0017 
Combining and solving: 
(1- х)(9, Е х) М, 
logs Een Сао 
0, "d 0,0- Х) N 49 
t = 0.071min 
b) Assume Съ = Сао 
Design Equation: 
49 а t a 
Rate Law: 
wr = КСС 
Stoichiometry: 


C, = €,,(1--X) 


ч ат 
Са Сь, 
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-1.66х1079М 


——— 


Combine and solve: 
dX КС, Cy dt 


DG Ес ~ 
In 1 a tt = ECaoC nol got 
1-Х N o 
t=0.069 min 
A very good approximation. 
c) Design Equation: 
AD ut жел 
Rate Law: 
ty = СС КС 
Stoichiometry: 


С. = сой -5 ) 

С, = Са 

Ce = СХ 
Combine and solve: 


ах Я 
М = ky Croll ЮС =K, СХ 
dX E 
Е, Саса ЈЕ (Себи — beat Nis 
С РИНЕ 7. 
$E Cao“ = x(k, Cork) Х 
k Cy S 
ce aan та in c ү mo 
Ки, 036, „ЖЕ Cs tk) М, 
1-4 1-3(144) 
X=05 
CDP4-D 


Batch reaction: 2A +В 2 2C 

kı = 1.98 fÜ/Ibmol.min, k = 9.2 x 10? (ff/Ibmol)"/min 
V = 5 gal 20.67 ft’, X = 0.65 

Cao = 0.002 Ibmol/0.67£0 = 2.98 x 10? Ibmol/ft? 

Cpo = 0.0018 Ibmol/0.67ft? =2.69 x 10? Ibmol/ft? 


dN 
Mole Balance: —A =-у АҮ 
dt 
Rate law: -ra = Е САСв  k;CACR? 


Stoichiometry: СА = Сло(1-Х) 
Св = Сло(Өв-(6/а)Х) = Сло(0.9 — 0.5X) 
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rp 


Combine: 


ёс = = Cap? X)[ (0.9 -0.5X) + Cag - X)(0.9 -0.5X)?| 


Integrating between Х=0 to X=0.65 for t= 0 to t= t gives 


t = 24.1 min 
CDP4-E 
Ч» т 2.001 
Mr, = 730 -5 
Finallw 
Е 
Бар Cur (ete) 
-5 
"up “10 


У = 50 gal. 114014 
T = 10090 = 3739Ж = 67298 
Р = 500 psig 

"ig = k Cy ба 


Liquid feed is a mixture of A and В уд = 1 — Yso = 0.999 

Because of the low concentration of B in the feed, such properties as SG, the specific 
gravity, Mw, the molecular weight, and the solubility of Н» are essentially that of 
component A. assume that апу Н» depleted via reaction is instantaneously replaced via 
absorption of Hz gas over the liquid reacting mixture. Then at 500psig, 
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=== 


„5 - а Тито 1 = i ib 2327 02081»:5012 
= = (2308: 2 (завоја) , |-1-Азноік-) , (32.1831, „ 4220818цо12 
235 L ig 454 gmoles gal zzi 


Ч 
5 730 ih/hr ; 
"ү | Ee aoc ш АР АҒЫ, 5212 а 
FAO = Eye because Fg LI ЕЕ CR) 196 i5 3.72 Lomole/ 
7 11016 


Asstme that there is no volume change accompanying absorption от Я. : 
M. 
ш 1123 D esia airi menn R тоү р gomstant. от 
Ө; ул бн d 
2 
z нэ io x Е.О 3 . r 
vou [180 BA, | ERN dL ERL 1.48. Hil. 2 3 wat fhe 
жа eet XE -1 хо 2.4: 183051 "лада шараш. 
ft 
Бао Tno"re = (102933. 41211 шө16/Ь5 kre -5 
С. = Re eed 7 ete = 4, x 10 “Lhmole/gal 
807 v Л v (89.3) gal?» М СЭ 
а a 
Usizg equation for a CSTR 
EX 
у = -20- 
*n 
TS o 0 зев 
тус. (1-С VOL-X MA 
50 Bs g Hy g 
koe (89.3 sal/hr)(0.99) . 
50 gal teers te (0.01) 
gal 
k= 5.49 x 10? z21/(1bmole ~ hz) 
With zeactor at 300 psig, Honry's law is: ^a и, > 
2 
. К 1 300%14.7 314. 1 Limole 
тэг Cg, (300 psig) = e (500 psig) x Сохта D - C. .0208)0277 77 T ul 
Са = 0127 lomnole/gal 


2 
% Я 
ОНИ алақ; ДЕР ОНИ 
$ с. (iE, ) CH EER 
BO РА d Y 
2,300 2708, 300 
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Ї, (50 a1) (8.492109 zal/1bnol-hr)(0.0127 lbmol/zal) 
1-1, 89.3 gal/kr 
40127 l1bnole,,$ "Tn 
Fg = С. у = ( 912 j (3222841) = 1.134 lbmole/hr 
к У У gal he 


_ во 4-5) _ (3.723107) (1-0.984) 1 „310-5 
Р 1-1.34+3.72 ко 


CDP4-F 
Nao д. = Урс (=) = Урс КСА 


Liquid Phase C, = Cao (1-Х) = Кар (1-Х) 


di pc k(1-X) 


Ink. x QU 


1-Х 
t 0 5 10 20 30 40 50 
у 0 = < A .85 0.93 .97 
Раа ил Р 2 1.31 1.89 3 2 
а ax) 2.66 3.5 


О fe 719 Зо че фо” 


м) Millimeters ro the Centimeter ы —> 
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A plot In 3] is linear wrt time so we conclude the reaction is first order in 5, 6 


benzzzoquinoline with k'=0.0¢7 ma 


АТ.) err 1} 
11) | ~ zm Ea Ена 
ЧД) Rf, 7 
lau Lor 
17 = R.353 is] 
E m ee 8.шоё61489Е 
R^ 6248 УК 
(353383) 
Е = 12,414 Sal. 
mol 


MSS 

in Lx kt 

Хші-ек 

t 0 10 20 30 40 50 

X 0 0.57 0.82 0.42 0.97 0.99 
CDP4-G 
Develop a design equation 
Mole balance: Fa(r) — FA(r + Ar) + r4(2arArh) = 0 

Е (т) Е at Ar dF 

Ar dr 


Rate law: — FAC KC, Cg 


Assuming 05-1 and e = 0 


Stoichiometry: С, =C,- X) апа Ср = С (0 -Х)-С,60-Х) 


dF 
Also Fy =Fa(l-X) = A =—Fig = r,(2arh) 
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dX  2zrhkC,y (1- X)? 
dr К 

1-Х Ғ, 

2 

КЛАС yo (^ - RÀ) 
Е до "M 


2 
АС (42 R?) 
Е до 


Combine: 


By Integration we get: 


-> X= 
1+ 


b) Now, with the pressure drop, 
СА = Св = Сло(1-Х)у 


Hence, — F4 =kC yy 1 – куу => 
ах ліС (-Х)?у* 
dr Fo 


Where y = (1- aW)" and 


2 2 
Using polymath, following graph is obtained: 


Graph Title. 


Differential equations 

d(X)/d(r) = 2*8.1416*h*k*Cao^2/Fao*(1-X)^2*y^2*r 
y = (1-alfa*w)0.5 | — 
W = density*3.1416*h"*(r^2- ro^2) ' 
ro= 0.1 

density = 2 

Cao = 0.1 

Fao = 10 

k=0.6 

h=0.4 

alfa = 0.07 

variable name : r 

initial value : 0.1 


€) Increasing the value of k increases conversion while decreasing it decreases the conversion. Increasing 
Едо will decrease the conversion and decreasing it will increase the conversion. Increasing Cag causes а 
dramatic increase of conversion. Similarly, decreasing Cao results in a large decrease in conversion. 
Increasing the height will only slightly increase the conversion and decreasing the height causes a real small 
decrease in the conversion. Increasing Ву decreases the volume of the reactor and hence decreases the 
conversion. Increasing R; will increase the conversion as volume increases. 


CDP4-H 


Liquid phase reaction 


A+ B-C 


EN 
well mined 
по inflow or outflow 
BATCH 


1., Mole balance on batch reactor 
“Nao 55. ш-ҒАУ 
x 
=N AX. 
; ој АМ 
2. Rate law 
МА к САСв 
3. Smichiomemy 
liquid phase У = V, (batch) [if flow u = v6] 
a Cae МА БАЈО „б, (ху 
У Vo 
Ne Мање 02000 
Са = ET = ы өөө I Сао (2) 


1 Уве. = Мво = c am 2. ше 
98 = Yao Nao т 155 


Cao 
4. Combine 


ta = k Cho (1-Х)? 


А x 
ге Мао [ dX. Nao. | OX Cit aui ы. 


‚ KCAo(1-X)? 
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Table of reaction integrais can be found in Appendix A-10, 
a) | | 
a 1 .0.9 1 эй 5 
БР Tu. ве , t= 450 mir 
(0.01 асаа! min) ос ломи у 


1. Mole balance on CSTR 


му = БАОХ 
“EA 


2. Rate Law 
ТАК САСв 
oe 
3. Stoichiometry 
liquid phase v=, 


Сл = ЎА ш MUS. Can (1X) 


9 
Cr B. NS (1-Х) 


4. Combine 
k Chot- XY 


5. Parameter evaluarion 
10 mol/min (0.9) 


Ff амы дылы ы лы лылы i ied LR 


(0.01 азо! min) (2 modam? (1-0.9Р- 


b) |. = 22500 da? 


1. Моје balance on PFR 
Fao T = "TA 


if no pressure or phase change (liquid phase) therefore 


x 
8 


2. Raw law 
Ta = k Cale 
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ї 


РА 


3. Swichiomery 


5. Parameter evaluation 


liquid phase 0, 
у F Faa GXI 
Cae DA m саћу ых у... О щи 09. 
a Е oe b (01 аш во] pre тома? 1-09 
4 Ез ADIOR- x 2 а o : 
Cg = 20 A к Же Cas (1-Х) d) Solution similar to part (a) to (c) 
: 99 
4, Combine { 
C) TA к САС B^ g Ах equilibrium , TA = 0 


Х2-225Хж10 


= 061 
РЕВ > 
aX = ХА. үС | 1-ХУ- Бак 2 тур. х. 
45 ло Cag (1-5) е AD | Ў Е 


710 ^4. 
% 
V = 250 „АЖ. 
юэ 225K + Хх 


V = 250 160) + 4.15) +24. 3) + 4ff,45) e 6] = 
250 n + 4141) 2241) + 45.26) +100] 


= 2500415 [1 + 41.41) + 2.41) + - 45.26) +100] 


= 1656 dm? 


CDP4-I (a) 
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Benzene is A 


C,C 
е (< 2 | 


c 
for equilibrium -r, =0 ~. C? СС: 0 
с 
C,C 
c? = вс 
А Ke 
С,-С,0-Х) c, - AX с =©м® 
СХ? 
C2 (1-х. Y =. 
PN 4K, 
4K,( - X.) =X,’ 
АК, -8K,X, - 4K,X,? =X,’ 
02X? -24X, +1.2=0 
X, =0.52 
CDP4-I (b) 
PFR 
Design Equation: V= p, j= 
Rate Law: -i rfc E 
c 


Stoichiometry : С, =C,,0-X) С, = С.Х _ СХ 


C, x 5 шэнэ шар = 
03:22:38. aso erg) 
тој“ R , 
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с 


Combine: У = Fao с 
i-xy- 
1-57-2- 
(101ого!Лтил Ximin/60s) үх 


гр ах 
V = (sott bol: -sY0.0037Y. a -Xy -0.833X? | 
У = 6768 | 5 
оных | 


0.523 ( X -11.45 
l ht ret 
79 oeiia 0.523) | 11.45 | X - 0.523 


У =13.5ft? 
CDP4-I (c) 
CSTR 
Design Equation : vase 
73A 
Rate Law : - raked ch Se СьСс <<.) 
Stoichiometry: С,-С,(-х) C, - eX c = 
Combine: и t 
k,C? je- -ХУ- =| 
4 
у- (10X0.51X1/60) E un 
1800YX0.0037)' | -0.517 -| —— 
(зоо) Jr y ЕМ 
CDP4-I (4) 
Amount processed in CSTR : 


(10 lbmol/min X60 min/hr X24 hr/day)= 14,400 lbmol/day 
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С„х 


t=C,, = eur - x? | 
4K, 
Ex 1 of ae х=оз [| 
КС „| (0.167Y11.45—0.523) |11.45| Х-0.523 
tz 0.305 


Taking into account the time it takes to clean the reactor and other down time assume that 


the total time per run is 4 hours. Assuming that the reactor can be used twenty-four hours 
a day there can be 6 runs per day. 


14,400 Ibmol/day = 2400 Ibmol/n 
6 runs/day 
iej уа Мај 4 
V 4-і, t ei 


Vadis 3 1 0.523( X -11.45 
t kCi|(0167001145-0.523) |1145| X — 0.523 


- 2400 1 in| 0:523( X - 1145 
(4Хі800/0.0037) | (0.167Х11.45-0.523) |11.45| X —0.523 
У = 48,690 ft? 


CDP4-I (e) 
Е = 30,202 btu/Ibmol 


forX=0, -r, =kCi, 


Ihe БЫС. Кво – exp Bf 11 
— TAn400) kia K 400 RIT, Т, 
Тао) — 30,202 btu/Ibmol 1 M 1 
— Tasco) 1.987 btu/Ibmol-’ R 1259.67°R 1859.67” R 
77 Tacgoo) 49 
ГА(1400) 


PBR 
MB: cae шавж 
dW Fo 
Rate Law: -ra=k СА CazCao(1-X) 
Combine: | 
141 i У 
dX С 2 
| cm (240) | (1 о) how 
J 1-Х Еш | 
_ КС, T ы 
152 = (42) [a -&a07*w)saw 
Fro 0 
КС vr 
P. 2x10 
CSTR 
MB: У РлоХ 
Combine: 
Ем X. 
КС о 1-Х) 
1 X 
2x10“ (1-Х) 
X 18 


b) We know, £ = 0, so 
P=P,(1-aw)'” => 1=204– oW)" 


=> а = 9.98 x 107 
с) For conversion to be maximum, а should be minimum 


2 
G 1 
Also, we know that а is proportional to ————— = PH NES for turbulent flow 
A. D р D,,D 
pipe р 

С 1 

And it is proportional to — ЗГ. for laminar flow 
А.р р р ріре D, 

Hence for minimum а, D, and Әр should be increased. d) Yes, we can 


increase Ор and decrease Dpipe (or vice versa) according to the above equation to get the same value of a.e) 


For assumed turbulent flow,a is proportional to ————7— —- 


6 2 
Now а = P vive? Dy =] 
Эй {Dis Б 
2 pipel pl 
р. 
1 
РР = and Рр=0.5 ст 
D 
pipe2 


->Әр = 0.044 cm 


1 1 
f) We’re given, k ~ — = К, = k, с 
р p2 


Hence Ч = EM =11.4 
k, 0.044 


g) Rate law: — r4 = kC, 
Stoichiometry: C А = С AO 1-Х ју 


dX =, 
Mole balance: ———~ = ——— 
Рад 
dX UOS 1- X)(1- aW)? 
Combining: —— = Сл Uo XXE (for = = 0) 
F АО 
k, C ok; -4 
— =] 1.4 and —==— = 2X10 “ Integrating with limits: (Х->0 to X; W> 0 to 1000) => X = 0.78 


——$—— ао 


CDP4-K 
і. Mole Balance: dx ж са Ас 
dz I 
2, RateLaw: г, --k'Cip. G- ә) 


where К, pc, and ф аге unknown constants. They will be grouped into one unknown 
constant, k,. 


k, =К'рс@-$) 


3. Stoichiometry : C=C (= X) 


& = y, Bu (11+ —1)=+% 
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sini 


4. Pressure Drop: ЕУ == Be (i+eX) 
dz Ру 


when neglecting ће turbulent contribution to pressure drop, B, 15 given by 


1500 


8,-0 


The mass flow rate is also and unknown constant. Thus B, can be written as a constant, 


B, over cross - sectional area. 


B | 2, 500 -- фу p | 
В. ER олун» where В= Неге ы P йер 
Ас | PoScD pe 


Where В is a function of the mass flow rate, feed properties, and catalyst properties-—-all 
of which are constant for part (a). Note that all equations up to now apply to a tubular 
PBR and spherical PBR. To find B and k, we must model the tubular PBR on 
POLYMATH by entering the above equations in addition to 
Аст | (20 dm)’ = 314dm? 
B and k, must be arbitrarily chosen at first. Then, depending on whether POLYMATH 
gives high or low values of y and X, one can converge on the true values of Ко and В. In 
order to do so efficiently, however, one must make use of the following trends: (Note 
that the tollowing table 15 completely true only when € > U.) 
a) From POLYMATIH: 
В=843 
k=0.21 
х=.67. | 
Р=уРо=.973*1500=1459.5 
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тели 


Equations: 

G(y) /& (2) =-beta/ (рату) * (l+eps*x) 
dix) /d{z)=-ra*Ac/Fao 
роз1500 d | 
-ерзз 0,5 

Баох950 

R=10 

Саоч0.4 

k=0.22 

Вч843 

AC-1.1416*(R7*2) 
СазСао“у"(1-х)/ (1 +eps*x) 
РесасВ/Ас 

rar- kega rz 

= 0, 


ығ 


2 


9 Ze = 220 


асу? Atz) abeta? (роту) *(l+eps*x) 

а(х) /а42)х«ха”Ас/Ғао 

posi Soo Key 
ервч0.5 
Баоч950 aa 
Ке26 

Саов0,4 

kz0.21 

5:843 

1=24 

Acx3.1416*(R**2—(z-L)**2) 
CasCao*y* (1-х) / (1+ерё*х) 
ras-k*Cat*2 

betasB/Ac 

Zo = 0. Zee дв 


X and y vs z 


2.592 


Seer neers nee Е 


аса, 


1.960 


2.406 


0.200 


n 
ЕЈ 
8 
+. pim] 


қоса 


ы хөнөөсөн be aetna ати 


20.000 sc.oxo 0506 Заос 


B 
8 
i 


b) From polymath: Maximum flow rate = 1750 mol/s 


Equations: 
diy) /dix) -beta/(po*y) *(L«eps*x) 
dix) /diz) »-ra*Ac/Fao 
роғ1500 | 
єрз 0.5 Кеў 
Ғаов1750 
Rede 
Саа=0,4 
х=0.21 

2843 
Laža 
AÀcs3.1416*(R**2-(z-L)**2) 
CasCao*y*(l-x)/(l-eps*x) 
ra--X*"Ca**2 

beta=B/Ac 


zg 5 9. Ze = 48 


oes. 
2.558 
са 
0.00 - 


о осо 


4-87 
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с) From POLYMATH 
Minimum pressure=80 kPa 


Equations: 

diy) /d(z) =-ђеса/ (po*y) *(1+eps"x] 
d(x) /d(z)s-ra*ke/Eao 
ро=80 

epsed 5 

Ғаом950 

Rz26 

Сас=0,4 

Ке0.21 

В=843 

L=24 
AcS3.14185*(R**2—-(z-L])**2) 
CasCaoty* (L-x) / (1іжерезх) 
zaseok” Carag 

betacB/Ac 
=) = Ü, 


Key 
маны 
US 


ғ 


“ва 48 


4) From POL YMATH: 


4(у)/4(21--Беса/ (pety) * (1+ерз*х} 
а(х) /d(zj)e-ra*ac/Fao 

ро=1500 

ерез0.% 

Рао=950 

R=26 

Сао»0.4 

К=0.21 

8-843 

12:24 

Ac-3.1416*(R**2-[z-L)**2) 
CasCao*y* (Lex) /(l+eps *x) 
шазх-ХПатлж 2 

БелсаяВ/Ас 
za = 0, 


4“ м? 


0 


(c) Po = 80 
ud T 
EY E 
Н : 
адалы | 
i 
| 
а me 


[mee] 


> од 


№ е Пе нк оны Stee 
0.000 10,000 0.000 жой өөлж 52.06 
z 
Ie T 
1 
i 
з.әсо 4. 
1 ф 
3.458 oee „== 
aem 
prs 
9.00 T ee | 
0.20 L i 
Le | 
Li eu и И ы м Це дік | 
ooo " 13.009 20.005 3G. cox +1060 ГЕЯ | 
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CDP4-L 
(а) 


(b) For a conventional PFR: 


dX 
P av ==, 
“ty = k(C, СК) = kC,L((1- X) - ХК) 


“Бог the IMRCF: 


dF, 
dt ci P Ya 
dF "є. 
та 


С, - C,/Kc) 
C, m ЕУ, Cy E/V 
Ушу (E, * E) 


Зө ntt woe o 


Use these equations in POL YMA TH to generate plots of the conversion profile. 


(ој 880 


2.300 0-р 
i » 
2 | "m 
3.242 meee ЭЭ 
22222. 8 007" ем 
E БЕ 
i ue 
ве 1 " 
2.182 ont 7 
EM 2220 Ж 
j zi 
22120 шаа a 
yor 
” 
a 
! 
2.350 0-0 Дик 
| и 
| РА 
| ж 
3.302 M рани 4 аана m vede жш 2 
Ободо 40,000 40.000 во. оса 122.0C€ 
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аас 


3.220 


—U— DO MET SUELE пи AO 


о.сос 


a ÓÀÀ——ÀÀ 


с.с92 5.008 12.000 18,000 23.000 39.902 


(c) Use the same equations for the IMRCF in POLYMATH to generate the desired 
plot. | | 


d Cc? кісі өсі 
2.136 M 
ын 
НЫ 
H ч. 
TAS 
ыг 
a 
S 
BBO, ің 
i ы. 
EM 
Er 
Eno 
ын 
^ 2 о 
ü.800 = <. 
А 1 BN 
à es 


Pi gy eben een m 


mec 
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(е) 


By varying one parameter at a time we сап see the effect of each: 


Increasing the specific reaction rate causes changes in conversion. concentration, 
and molar flow rate to occur more quickly. 


Lowering the transport coefficient (К,) causes an increase in both C, and Ез, which 
causes a decrease in conversion. 


By raising the equilibrium constant (K,), we cause a décrease in the molar flow rate 
of A and an increase in conversion, 


A significant increase in temperature for an exothermic reaction would drive the 


reaction in the reverse. This would cause a decrease in X and C, and an increase in 
the C,. 


A significant decrease in temperature for an exothermic reaction would cause 
increase in the rate of the forward reaction. This would drive up X and Cp, while 


lowering Cy 


An increase in temperature would drive an endothermic reaction forward, raising X 
and C,, while lowering C,. 


A decrease in temperature would cause an increase in the reverse reaction for an 
endothermic reaction. This would raise C,, and lower both X and Cy. 


CDP4-M no solution 
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Несе ~ А and B have the same molecular weight 


E 


Fao а Fas 
E = 
“aa У Fas 
ar Fg Y Fag 
F = Ё -X = i versi efine 3 r Е 
42 AL (1-X) where X is conversion defined with respect to Al 
Fas = Fao Озу problem specification) 
Ға = 0 (by problem specification) 
r 
АО 
Е =. Soy er UE РИМ А P quoe n 
Ai 7 Fao 7 Y Fay ӨЗ have Fay = 17415 
ГА 
Also 
Y = ++ 
Stoichiometric table ы " * 
Ya = y, + ЫГ 
Taler Ouriet Е г 
2 » Ya 7 v5 (no volume change} 
Pai Ба С. 
АЗ А : : 
Fai 
Р уто Pu = Fut с.і” Ea = 100 
Hence 
" Ех v, Faa Pag 
TEX 7 дан" S Cia " 1900 
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CDP4-P 


Solution 


At equilibrium Initial Condition 
ko Cue = КзСсе Сро = Све 


(a) КСво = kaCag Cay 4 he 96 = < t She + Ссе 
: >) 4*0 


3 К. : 
=> С во = ТЕ Са EEUU (1) Cece С AO 


| ас ақ 5 5 с 
(b) А.-С => Сав Сар е kit 


Cgo is а constant 


шә Cc ж SIE [i-e ки 


тесе. ш КС AST сь + k3Ce 


0 = k 16 А0 е et ~ k2Cgo ын ет) ын go 


Problems from Probjot 


From (1) 


akat ES ——À 


(c) 


For a maxima in Cy, 


зеш Ж = [>к 


for a minima in Cg 
ас 


aa 50 = 


А 


CDP4-Q 


CDP4-R 


CDP4-S 


CDP4-T 


CDP4-U 


CDP4-V 
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Е СЕНЧИ ЕН ОЕ 
! 3 


Solutions for Chapter 5 — Collection and Analysis of 
Rate Data 


Р5-1 (а) Individualized solution 
P5-1 (b) Individualized solution 
P5-1 (c) Individualized solution 
Р5-1 (4) Individualized solution 
Р5-1 (е) Individualized solution 
P5-1 (f) Individualized solution 
P5-1 (g) Individualized solution 


P5-1 (h) Example 5-1 
The graphical method requires estimations of the area under and above curves on а plot as well as in 
reading the intersection of lines on the plot. This can lead to small inaccuracies in each data point. 


The Finite differences method uses mathematical estimates to calculate the rate. It is only possible to use 
this when the time interval of each data point is uniform. 


The graphical method uses polynomial regression to approximate Сд as a function of time. The derivative 
of the polynomial is then used to calculate the rate. 


P5-1 (i) Example 5-2 
Assuming zero order reaction: 


Rate law: ———4=k' 


0.0174 | 


zero order reaction Ist order reaction 


CA(mol/dm3) 
со 
e 
a 
In(1/CA) 


Аѕѕићупр Ist Order reaction: 156 ка 250 i о 50 | 100 150 200 250 300 
ас цана) t(min.) 
Rate law: -——4=k'C, 
dt 
Or, (ИСА) = kt43 


t(min.) 


C4(mol/dm)) 


— 


In(1/CA) 3 327 | 3.49 3.66 3.81 3.94 4.05 


Since none of these plots are straight lines, its is not Ist order reaction or second order reaction. 


Р5-1 (j) Example 5-3 Because when а is set equal to 2, the best value of К must be found. 


P5-1 (k) Example 5-4 | 


Сна 0 (mol/dm ) 


See Polymath program P5-1-k.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: г = k'(Ca^alfa) 


Variable Ini guess Value 95% confidence 
k 0.1 1.0672503 0.0898063 
alfa 0.5 0.4461986 0.076408 
Precision 

R^2 = 0.9812838 

R^2adj = 0.9750451 

Rmsd = 0.0341709 

Variance - 0.0097304 


Rate law: —r" = 1.1C?2/mol ст? .5 


P5-1 (1) Example 5-5 


rate law: ен = UP 


Regressing the data 


r(gmolCH/gcatmin) 2 


Nonlinear regression (L-M) 
Model: г = k*(PCO^alfa)*(PH2^beta) 


Variable Ini guess Value 95% confidence 
k 0.1 0.0060979 6.449Е-04 
alfa 1 1.1381455 0.0850634 
beta E 0.0103839 0.1951217 
Precision 

R^2 = 0.9869709 


5-2 


ААА 


R^2adj = 0.9782849 
Rmsd = 4.176E-04 
Variance = 2.093E-06 


Therefore order of reaction = 1.14 
Again regressing the above data putting 8 =1 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: r = k*(PCO^0.14)*(PH2) 


Variable Ini guess _ Value 95% confidence 
k 0.1 0.0040792 0.0076284 
Precision 

R*2 = -0.8194508 

R^2adj = -0.8194508 

Rmsd = 0.0049354 

Variance = 1.754E-04 


Therefore, К = 0.004 (gmolCH;/(gcat.min.atm' '^)) 


P5-2 solution is in the decoding algorithm given with the modules. 


P5-3 Individualized solution 


Р5-4 (a) 


The kinetics of this deoxygenation of hemoglobin in blood was studied with the aid of a tubular reactor. 
HbO, > Hb+ О; 


Rate law: -ra=k C; 


dX 
Mole balance: Ё, -7 
dV 


= ЕС (1–Х ) 


dV = А, dz , where Ac is the tube cross sectional area 


ах АСА 
di Ez; 


E 


n[ E -inaeninü-x) 
dz 


therefore, 
where,a = — 

|| | Electrode Position. | Ш 
mn | Position (cm) Ё | 
Аеш [| 
(Conversion c of HbO2 (ха) | | 
| OX) | 

ge 


1й Д х^. (eat S 
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0.0568 | 


09432 | 


КС,,А, 
К 
еи epu 
0.0000 - | 00193. iK 0.0382 | 
1.0000 [09807 | 0.9618 | 
- {| 0.0193 | 00189 | 
- [0.00386 | 0.00378 | 


0.0186 | 
0.00372. 1000360. 0: 00354 | E 0.00350 


20 


| 
| 
№ 
8 | 
| 
3 
[a 


TI 
БЫ 
о 
о: ~ 


00925 | 0110. 


0.9075 | 0.8900 | 


ар” 


0.0177 | 00175 | 


р 


адымы, шаг ЕЕ шылы. 


ЖТ КЕЛЕ ЕС 
|  dX/dz(cm') | 0.00386 | 0.00378 | 0.00368 | 


i 


i 


| 
| 


| 0.00363 |0.00355 | 0.0035 | 0.00345 | 


A histogram plot of А Х/А z vs. z is then produced. The values of dX/dz are evaluated using equal-area 


graphical differentiation: 
0.00395 - 
0.0039 4 
0.00385 - | 
0.0038 - 
Е0.00375 - 
= 0.0037 -.. 
0.00365 + 
0.0036 + 
0.00355 - 
0.0035 4 
0.00345 4 
0.0034 E 


ах, 


А ~ н : 4 
25 5 75 10 125 15 175 20 225 25 275 30 325 35 375 40 
z (cm) 


Using the values obtained above, a plot of In(dXA/dz) vs. In(1-X4) is produced and a line 


is fit to the data 


In(dXidz) vs. In(1-X) 


< 


у= 10577х- 5 5477 


In(dXidz) 


In(1-X) 


In ЕЗ =-5.5477 +1.0577 1 (1-Х) 
dz 
п= 1 

In(a) = -5.5 

а = ехр(-5.5) = 4.1 x 10? cm. 

Concentration of blood is 150g hemoglobin per liter of blood 
Molecular weight of hemoglobin = 64500 

Ас=0,0196ст 


Сл, = 2.3x10 5 mol / ст? 
F = 45.7x10 5 moles s 
Е,а 45.7x10°moles/s 


Hence rate law is, 


=, = 4.10, Z 


sa where,a =- 


i н| 2 аты х) 


“п 
404 


Ao 


(41х107ст) =4.157 


E MN 


Р5-4 (b) 


First we fit a polynomial to the data. Using Polymath we use regression to find an expression for X(z) 
See Polymath program P5-4-b.pol. 


POLYMATH Results 
Polynomial Regression Report 


Model: X = a0 + a1*z + а2*7^2 + а3*2^3 + а4*2^4 + а5*2^5 + a6*z^6 


Variable Value 95% confidence 
a0 2.918E-14 0 

al 0.0040267 0 

a2 -6.14Е-05 0 

a3 7.767E-06 0 

a4 -5.0Е-07 0 

а5 1.467Е-08 0 

аб -1.6Е-10 0 
General 


Order of polynomial = 6 
Regression including free parameter 
Number of observations = 7 


Statistics 

Rez 1 

R^2adj = 0 

Rmsd = 1.669E-10 
Variance = 1.0E+99 


Next we differentiate our expression of X(z) to find dX/dz and knowing that 


203 =Ina+nIn(1-X) 

dz 

where, a = ICA 
Ao 


Linear regression of In 7. as a function of In (1 -Х ) gives us similar vaules of slope and intercept 
2 


as in the finite differences. 
POLYMATH Results 


Linear Regression Report 
Model: In(dxdz) = a0 + a1*in(1-X) 


Variable " Value 95% confidence 
ао -5.531947 0.0241574 
al 1.2824279 0.3446187 
General 


Regression including free parameter 
Number of observations = 7 


Statistics 

R42 = 0.9482059 
R^2adj = 0.9378471 
Rmsd = 0.0044015 
Variance = 1.899E-04 
n= 1.28 


” 
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————————— 


In a = -5.53, a = 0.00396 
-6 
Frl _ gE mers : (3.9610 ст) = 4.05" 
CioAc. 2.3х10” moles / ст” х0.0196ст 
Hence rate law is, 


-r, =4.0 о mat 


ат? •5 


Р5-5 (а) 
Liquid phase itreversible reaction: 
A > B + С; Сло =2 mole/dm? 


Cio ns C, = ЕС 
T A 


н| 2425.) рапс, 


С.(шо!/4п) In((CAO-CA)/7 ) 
0.40546511 | -3.4011974 
i o 


5.4806389 
6.6846117 


125 022314355 |-3.9252682 
1 [o |-46051702 


-0.28768207 


-0.69314718 


By using linear regression in polymath: 


See Polymath program P5-5.a.pol. In((Cao-Ca0/tau) vs In(Ca) 
POLYMATH Results f | т Ө j i | 
Linear Regression Report Ка 06 ag ғ” 4 0.2 04 
Model: у = a0 + at*InCa | 
= -2 
СС 3 
In == 4 |2Ink t elnC A 5 у= 2.9998x - 4.6081 -3 
с еме 
о tn 
Variable Value 95% confidence © 4 mM 
аб. -4.6080579 0.0162119 б “Ж 
а1 2.9998151 0.0411145 Ss -- 
Vestes Cab с LL c oS 
Statistics = m 64 
А^2 = 0.9999443 | = е 
R^2adj = 0.9999258 | | 
Rmsd = 0.003883 | 8 
Variance = 1.256E-04 In(Ca) 
Hence, 
a= slope =3 


In(k) = intercept = -4.6 
therefore, К = 0.01 mole?min !. 


Rate law: -2 -0.01Сӛто1/ ат min 


P5-5 (b) Individualized solution 
P5-5 (с) Individualized solution 
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Р5-6 (а) 


Constant voume batch reactor: АЭВ-С 
Mole balance: 
ас 
A = С,“ 
а 


Integrating with initial condition when t = 0 and C4 = Cao for œ € 1.0 
1- 1- 1- 1- 
‚_1Сю = Ci а) 10) ој æ) М 
к (-а) k (1-а) 


mol/dm?. 


2  Sübstituting for initial concentration Cao = 2 


See Polymath program P5-6-a.pol. 


POLYMATH Results 


Nonlinear regression (L-M) 
Model: t = (1/K)((2^(1-alfa))-(Ca^(1-alfa))/(1-alfa) 


Variable ini guess Value 95% confidence 
k 0.1 0.0329798 3.628E-04 
alfa 2 1.5151242 0.0433727 
Precision 


R^2 z 0.9997773 
R*2adj = 0.9997327 
Rmsd = 0.1007934 
Variance = 0.0995612 


K= 0.03 (mol/dm?) 955! and @ = 1.5 


са 0.03С "топ / dm? s 


Hence , rate law is 


P5-6 (b) individualized solution 
P5-6 (c) Individualized solution 
P5-6 (d) Individualized solution 


О—— MM—— 


Р5-7 (a) 
Liquid phase reaction of methanol and ігірһелуі in a batch rector. 
CHOH + (С«НӘЗССІ > (C6Hs)3COCH; + НСІ 
А + В > С + D 
Using second set of data, when Cag = 0.01 mol/dm? and Cgo = 0.1 mol/dm? 
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Rate law: 


_ m yan 
For table 2 data: Сло<«Сво => —r, —-k'C; where К' = КСР 
4-т) _ pm) 4-т) (-(1-т) 
Using eqn 5-21, 1 = 1 Со Ca = 100) 77-6” 
k' @-т) k' (1-т) 
See Polymath program P5-7-a-1.pol. 


Nonlinear regression (L-M) 


Model: {= (1/k)*((0.1^(1-m))-(Ca^(1-m)))/(1-m) 


Variable Ini guess _ Value 95$ confidence 
k 1 1.815656 0.0109025 
m 2 2.0027694 0.0021115 


Nonlinear regression settings 
Max # iterations = 64 


Precision 

R^2 zd 

R^2adj = 0.9999999 
Rmsd = 3.268E-04 
Variance = 8.902E-07 


Therefore, m = 2 
For first set of data, equal molar feed => C4 = Св 


Hence, rate law becomes —r, = kC2C; = КСО"? 


Observation table 2: for Cao 20.01 and Cpo = 0.1 


Ca(mol/dm3) 


(I-(2+n)) (i-(2+n)) (-1-2) (-1-n) 
pon ыскан: LODE see 


k | (1-(2+n)) k (-I-n)) 


и 


See Polymath program P5-7-a-2.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: t = (1^(-1-n)-Ca^(-1-n)/(k*(-1-n)) 


Variable Ini guess Value 95$ confidence 
n 3 0.8319298 0.0913065 
k 2 0.1695108 0.0092096 


Nonlinear regression settings 
Max # iterations = 64 


Precision 

R^2 z 0.9999078 
R^2adj z 0.9998848 
Rmsd = 0.0233151 
Variance = 0.0048923 


Therefore, n = 0.8 
mol 


ат 


Hence rate law is: =r, = 0.17 C? Са“ 


P5-7 (b) Individualized solution 


а nt A ата — — ———— M —— —— e eaaa 


P5-8 (a) 
At t = 0, there is only (CH3)20. At t = о, there is по(СН;);О. Since for every mole of (CH3)20 consumed 
there are 3 moles of gas produced, the final pressure should be 3 times that of the initial pressure. 


Р(со) = ЗР, 


931 = 3Р, 
Po = 310 mm Hg 


P5-8 (b) 


Constant volume reactor at T = 504°C = 777 K 


Data for the decomposition of dimethylether in a gas phase: _ E 2 
Time 2 0 ___| 390 777 195 __ 3155 ____| се 
PimmHg) |312 408 562. 799 — 


(CH4),0 > CH, + Н, + СО 


Yao 71 
6=3-1=2 
Е-бу,-2 


Р, 
У=и (2) ( 1-«Х)-У, because the volume is constant. 


P=P,(1+eX) 
а Е = о, X= Xap=1 
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—— 


1 АМ, _ > N ло dX = 
V dt V, dt 
Assume —r, = КС, (i.e. 1“ order) 


C, = Сам (1- X) (V is constant) 


ТА 


Then: С» <= AC o (1- X) 


and X =— 5 
EP, 

| X 1 dP 

Therefore: —— = ——-—— 
EP, dt 

ld _Р-ђ = (П»ејв -P) 
EP, dt ER, R> 
or P (жер, -P) 
Р t 
E 
Pte Row a 


28, -һ/ 624 Е 
ЗВ-Р 936-Р. 


versus time is linear, the reaction is first order. From the figure below, 


"- eP, 
Integrating gives: In| ——————— | = In 
(1+=)В-Р 


6 
Therefore, if a plot of In 
936- 
we сап see that the plot is linear with а slope of 0.00048. 
Therefore the rate law is: 


-ғ, = 0.00048C, 


12 1 y = 0.00048x - 0.02907 
0.8 + 1 
0.4 | 
| 
0 
-0.4 T T T 1 
0 1000 2000 3000 4000 


Р5-8 (с) Individualized solution 


ep ы ыы duc ыл алыл НЕ Е сонра аны ЕДИ нанын нг, 


Р5-8 (4) The rate constant would increase with an increase in temperature. This would result in the 
pressure increasing faster and less time would be need to reach the end of the reaction. The opposite is true 
fro colder temperatures. 


P5-9 


Photochemical decay of bromine in bright sunlight: 


5 
5 4 
Р5-9 (а) 


Mole balance: constant V 


dC, 


Differentiation 
T (min) 10 20 30 40 50 60 
At (min) 10 10 10 10 10 10 
СА (ppm) 2.45 1.74 1.23 0.88 0.62 0.44 
АС, (ppm) -0.71 -0.51 -0.35 -0.26 -0.18 


AC, ( ppm 
-А = -0.071 -0.051 -0.035 -0.026 -0.018 
At \ min 


—^A——€^—^€—— 


. 0.0215 
-3.170 -3.507 -3.840 
0.207 -0.128 -0.478 


0.014 
-4.269 _ 


Using linear regression: a = 1.0 


in К = -3.3864 

k = 0.0344 min” 

P5-9 (b) 

m =Vr, =F, 

r, = 0.0344 РР"" = 9.03447. atc, = 1 ppm 
min l min 


Е, = (25000 gal)| 0.03448 Ga сше еа сато 
i min hr /|1000mg Трга! 453.62 ћу 


P5-9 (с) Individualized solution 


Р5-10 (а) 
Gas phase decomposition 
АЭ B +2С 
Determine the reaction order and specific reaction rate for the reaction 


ас 


п 
Assume the rate law as: i= —kC A 
t 


1 | 1 


HDG cun 


Integrating: Í = 


= 672 when Ca = Слу2 


ae 
=>In(t,,,) 2 In EE + (1- n)In(C,9) 


=> In(t) = а)  ajIn(Cag) 


Сло (вто) [t(min) _ 
0.025 4.1 1.410987 -3.6888795 
7 


7 


2.2823824 -4.6051702 
0.67294447 -2.9957323 
0.26236426 -2.5902672 


2.0412203 -4.3199912 


See Polymath program P5-10-a.pol. 


POLYMATH Results 
Linear Regression Report 


Model: Int = a0 + а1*тСа0 


Variable ..Value . 95$ confidence 
a0 -2.3528748 0.1831062 
al -1.0128699 0.0492329 
General 


Regression including free parameter 
Number of observations = 5 


Statistics 

А^2 = 0.9993004 
R^2adj = 0.9990673 
Rmsd = 0.0091483 
Variance = 6.974E-04 
3.0 ү--- 


0 | | қа 
-461 -420 -3.80 In (Сй ojo -299  -2.59 


From linearization, n = 1- slope = 2.103 = 2 
(292 = 1) gen 
ee “1052 


k= ———— 
a --1 gmol.min 
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беры 10.5С, ето! /It.min 
t 


tha 


See Polymath program P5-10-a.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: t= ((24(a-1))-1)(k*(a-1))*(1/Ca0“(a-1)) 


Variable Ini guess Value 95$ confidence 

a 2 1.9772287 0.093057 

k 10.52 8.9909041 3.9974498 

Precision 

R^2 = 0.9986943 

R*2adj = 0.9982591 

Rmsd = 0.0531391 

Variance = 0.0235313 

ас : 
Rate law: 2 =9.0C,’ gmol / lt. min 
t 

P5-10 (b) 
We know, 


О. 4 
bec л - 
f 2 (a E 1) боо 


Solving for k at 110° C 


e = 1 )-20— 4 


2(2-1) (0.025? gmol.min 
Rin (s314 2 нүх 


From these values, Ес----- mol.K 


= + = 76.5 KJ/mol 
Е 1 | КЕ | Е 
EL 373K 383K 


——M———M— MÀ —— —— MÀ € 


P5-11 
Оз + wall > loss of Оз kı 
O; + alkene products kz 
Rate law: 


=y dG 


> dt 


= К, + kz Cou 
Oz 


Using polymath nonlinear regression we can find the values of k1 and k2 


Run ozone rate Ozone concentration Butene concentration 
# (mol/s.dm?) (mol/s.dm?) (mol/s.dm?) 

Ozra СОЗ Cbu 

1 1.5e-7 0.01 1е-12 

2 3.2e-7 0.02 le-11 

3 3.5e-7 0.015 le-10 

4 5.0е-7 0.005 1е-09 

5 8.8e-7 0.001 1e-08 

6 4.7e-7 0.018 1e-09 


See Polymath program P5-11.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: Ozra = k1+k2*Cbu/CO3 


Variable Ini guess _ Value 95% confidence 
k1 2.0E-07 3.546Е-07 4.872Е-11 
k2 0.1 0.0528758 1.193E-05 


Nonlinear regression settings 
Max # iterations = 300 


Precision 

R^2 z 0.7572693 

R^2adj = 0.6965866 

Rmsd = 4.531Е-08 

Variance = 1.848Е-14 
Rate law: 

-7 Су, 3 
—ю, -(3.5х107)--(0.05)-Ш-то1/ dm’.s 
0; 

Р5-12 


Given: Plot of percent 
decomposition of NO; vs V/Fao 


Xe % Decomposition of NO, 


Assume that —r, = КС, 
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FX 


Fora CSTR V = —49— 109 
7А x 
V X X 2 
скы саев л $ 

Fo 77 КС, 5. 

Џ 5 
with n=0, X = k— | 
A0 E 
V 2 

Х has a linear relationship with —— as 4 


АО 
shown in the figure. 
Therefore the reaction is zero order. 


P5-13 
SiO, + 6HF — H,SiF, +2H,O 
N,= moles а SiO, - А060 

5 


Ac = cross-sectional area 

ps = silicon dioxide density 

МУУ, = molecular weight of silicon dioxide = 60.0 
ô = depth of Si 


woV 
100 MW, 
w = weight percentage of HF in solution 
p = density of solution 


V = volume of solution 
МҰ = molecular weight of HF = 20.0 


N,= moles of HF= 


Assume the rate law is -Ғ, = КС jd 


dN. 
Mole balance: 3 5. = rV 
t 


~ Aes = | wV | V 


MW, dt |100V MW, 
48 kMW, (р Y... 
ML Vw 
dt 100" A. p, V MW, 
22 = Pw” where B= ы тр; 
d 100" A. р; | MW, 


= 


167% zY 
F 
Оз, а 


T= 200° С 


7 ғ а 700сот NO, in feed 
a 


© 1896 oom NO, in feed 
7 3010 pom NO, in food 


mian 1 
g moi МО, 


ад 
In EA -16.629 -15.425 -14.32 | -13.816 -13.479 
t 


in w 2.079 2.996 3.497 3.689 3.871 


| dé | та 
where | ---- | is in — 
dt min 


d 
From linear regression between In 53 and In w we have: 
t 


slope = a = 1.775 
intercept = In В = -20.462 or В = 1.2986 * 10? 


-3 TN 
2.5 

14 
y = 1.7746x - 20.461 


In(-ddel/dt) 
Ф 


In м 


1.775 
UN Ld NEN LUN 
B 100! 775 Аср; ГО | V 

А; =(10*10*т) (10m) (2sides) (1000 wafers) = 0.2m’ 


MW, =60—8 
gmol 


р; 2232-5. 2,32*10° 5. 
ті т 


(Handbook of Chemistry and Physics, 57" ed., p.B-155) 


8 6 8 
«1-2--10 
4 ml : 
MW, =20—8 
gmol 


У 20.5dn? 20.0005? 
В =1.2986*10° 
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1.775 g 
68. k| 60 
10; | 23 


1.2986*10° =| ——#— (0.0005 m^) 
20--5 (ЕЗБ 3*10* 5 ШІ Үр 
gmol 
4 \0775 
k =3.224*107 | ч | шіп”! 
gmol 
Final concentration of HF = 27532 (02) = 0.107 weight fraction = 10.7% 
Initial concentration of HW = 0.2 (ees weight fraction = 20% 
ам, сам, 
dt dt 
-------- where о = 1.775 
шиг dt vau MW, ју 
107 0775 , 
"Jam 42 | | 
20 W F 0 
10.7 в \0775 
жа -6(3.224%107) m t 
0.775 и" Д, 20*100 
1 1 1 
< -2389*10*t 
0.775 (телен 20975 | 
t = 331 min 
P 5-14 (a) 
A+3B 2 C+2D+E 
Observation table for differential reactor: | КЕГЕ 
Temperature(K) Conc. Of Conc. Of Conc. Of Rate 
A(mol/dm)) | B(mol/dm?) "| СавоМат?) _ (mol/dm?.min) 
010 .— 0.10 0.002 __ 
0.10 010 ________ | 9.006 __ 
0.05 ___| 0.10 _ 0.008 
0.10 1005. Р 0.02 
0.20 _ 0.01 ___| 0.02 
0.01 0.01 ___| 0.01 
Space time for differential reactor = 2 min 
ү _ № = МОС 
Tp "d P 


UTR NR ase NS олады re сы алы a 


C, Сон, 


r, =— 
Цаг АР, 


Rate law: 
2 -В/Т) y 


~ = Ad" ceo 


Where, A is Arrhenius constant 
B = activation energy/R 
x is the order of reaction wrt A 
y is order of reaction wit B 
Сд is the concentration of C;H4Br 
Св is the concentration of KI 


Now using data for temperature 323K, 333K, and 363K, for finding the approximate value of B because, at 
these temperature, the concentration of A and B are the same. Using polymath, the rough value of B = 
5500K 


While using polymath for solving the rate law apart from guessing the initial values of n, m, and A , we 
change the value of B in the model to get the optimum solution. So after trial and error we got B = 6500K 


See Polymath program P5-14-a.pol. 


POLYMATH Results 


Nonlinear regression (L-M) 
Model: г = A*exp(-6500/T)*Ca^x'Cb^y 


Variable Ini guess Value 95% confidence 
A NM 3. 6E+05 3.649Е+06 2.928Е+04 

х 0.25 0.2508555 0.0032606 

У 0.2 0.2963283 0.0020764 
Precision 

R*2 = 0.9323139 

R^2adj = 0.8871898 

Rmsd = 3.615E-04 

Variance = 1.568E-06 


Hence, by nonlinear regression using polymath 
А = 3.649E+06(mole/dm’)” (1/5) 

E = 6500R = 54.015 KJ/mol 

x = 0.25 

y = 0.30 

hence, 


гс = 3.64Е + Noe CeCe mole/dm?.min 


P 5-14 (b) Individualized solution 


P5-15 (a) 
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Model 1: Monod equation 
dc, об СС; 
а *° К,-С, 
See Polymath program P5-15-a.pol. 
POLYMATH Results 


Nonlinear regression (L-M 
Model: rg = (umax)*Cs*Cc/(Ks+Cs) 


Variable Ini guess Value 95% confidence 
umax 1 0.3284383 0.00686 
Ks 1 1.694347 2.2930643 
Precision 

R^2 = 0.9999439 

R^2adj z 0.9999327 

Rmsd = 0.0038534 

Variance = 1.455E-04 

_ 0.033C;Co ке 
ry SS m. 
1.69 + C, 

P5-15 (b) 


Model 2: Tessier Equation 


Р 2% Ш дах 127 ex- 2.) Сс 


See Polymath program P5-15-b.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: rg = umax'(1-exp(-Cs/k))*Cc 


Variable Ini guess Value 95$ confidence 
umax 0.5 0.3258202 0.0034969 
k 100 20.407487 5.7120407 
Precision 
R^2 = 0.9999454 
R^2adj z 0.9999345 
Виза = 0.0038004 
Variance = 1.415E-04 
-С 
ғ, -0.331-ехр —— | Сс уап? 
20.4 
Р5-15 (с) 
Model 3: Moser Equation 
. = Их Се 
5 1+8С;” 


See Polymath program P5-15-c.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 
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ы ME 


Model: rg = итах*Сс/(1+К*Сз^(-у)) 


Variable Ini guess Value 95% confidence 
umax 0.3 0.3265614 6.984E-04 
k 1.6 162.599 34.273983 
y al 2.0892232 0.0461489 
Precision 
R^2 = 0.9999447 
R^2adj = 0.999917 
Rmsd = 0.0038269 
Variance = 1.794E-04 
0.33C. 


r = M p/dm’h 
* 151626627? 


Р5-16 


Thermal decomposition of isopropyl isocynate іп a differential reactor. 


Concentration Temperature 
(mol/dm*) 


Rate | 
(mol/s.dm?) 


Rate law: 
___ __ ACERT) чп 
r, = Ae С; 
Where, А is Arrhenius constant 
E is the activation energy 


n is the order of reaction 
Сдів the concentration of isopropyl isocynate 


See Polymath program P5-16.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: rA = А*ехр(-Е/(8.314*Т))*(СА)^п 


Variable Ini guess | Value 95% confidence 
A 100 1.01E+04 327.35758 
E 1000 5.805Е+04 237.32096 
n 1 1.7305416 0.0134196 


Nonlinear regression settings 
Max # iterations = 64 


Precision 

R^2 = 0.6690419 
R^2adj = 0.4484032 
Rmsd z 0.0097848 
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Variance = 0.0011489 


Hence, by nonlinear regression using polymath 
А = 10100 (mole/dm?)? $(1/s) 

E = 58000 J/mol 

п= 1.7 

therefore, 


e =10100exp( 


m) C mole/dm?.s 


CDP5-A 
Given the reaction P + МН,ОН -» NH,OHP 
where Р is Penicillin and NH,OHP is hydroxylamine acid (denoted by subscript HA) 
Let A= Absorbency, then Са, = КА where K is some constant. 


C, = CL(1- X) (= = О for liquid phase reaction.) 
Cy FC, Me КА 2 X= ж when X=1 and А = А 


Ро 
Ай! = оо, А. whe | хы А. 
K А. 
Assume reaction is irreversible: -г. = ЕС; = ЕС. (1 - XY 
1 dN, dC, 
For a batch, constant volume reactor: Ё = 5 


V d dt 
ie Peta d el res z-kCh(- ХУ = -kC (1- АЈА У 


~ Bet % п-т 
ЧА C " a ; С 
~ шш К ho | {д 2 = 4 NT 5 шш — 2. 
or 9 ( ~ | (A. А) = К(А_- A) where К Ч Ж | 


Try integral analysis first. Assume that reaction is zero order: 
Then ES = К or faa = А = Кі a plotof A vs. t should be linear if 


reaction is zero order. From the plot below, it is evident that the reaction 


is not zero order: Құлық ады AT DU е сыы бы ыы лома 


0.6 


0.5 | 


Absorbance 
e 
о 
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Next, assume that the reaction is first order: 


dA 


= К(А„-А) ог v= [race 


aAA аа 
А 


Бол 


х A plot of (А. — A) vs. t on semi - log paper should be linear. 


ж 


Aint-A 


1150” 
0. 5% 0.146 
aa 0. ыы | 
E ын аз 


Time 


It is evident from the plot that the reaction is not first order. Try second order: 


dA 1 


dA 2, 2 
шарлаж а 


7 Aplot of = vs. t should be linear 


A) 


зо Ф 


о 


i/(Ainf-A) 


ю о e а 


2 ~ 
Time 
From the plot, it is evedent that linear relationship exists between (А, - А) and time; 
Therefore the reaction is second order. 


CDP5-B 
Determine the reaction order and specific rate constant for the isomerization reaction: 
АЭ В 
Rate law: 
-түэЁСГ sain 
dt 
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Time (min) | " Ca(moldm) ^ -ACJ/A асу 


0 4 0.39 
0.37 

3 2.89 035 
0.32 

5 225 0.30 
0.267 

8 145 025 
0.225 

10 1 0.21 
0.175 

12 0.65 0.15 
0.133 

15 0.25 01 
0.072 

17.5 0.07 0.06 


Plot of log --dC,/dt vs log С, shows @ = 0.5 


‚15 mols 
kom ЕГ c Pn бо c 
AU 0657 dm? min 


CDP5-C 


Ethane hydrolysis over a commercial nickel catalyst in a stirred contained solid reactor. 


Н, + CoH, > 2CH, 
P, =C, RT =C RTC - X) = P441 - X) 
P, =C RT =C RTO; - X) = P44(0, - X) 


к ва Ju. УБ Л ба) 


2Еы 2У4 2 
Ғ 
ру АВ р Ур 40 
A B w W W 
= "а= ар ар,” 


In(-r' ,)=Ink + aln РА + fln Py 
у= А, + ААХ, + A,X, 


Fro(gmol/h) Pag(atm) Pgo(atm) уса X ӨО  Pa(atm) Рв(аіт) -ra(gmol/kg.h) 


00 00 
17 0.5 0.5 5 5 1 0.475 0.475 
0.0 00 
1.2 0.5 0.5 7 7 1 0.465 0.465 
01 01 
0.6 0.5 0.5 6 6 1 0.42 0.42 
0.1 
0.3 0.4 0.6 6 02 15 0.32 0.52 
0.75 0.6 06 01 01 1 0.54 0.54 
00 00 06 
2.75 0.6 0.4 6 5 7 0.57 0.37 
POLYMATH Results 
Nonlinear regression (L-M) 
Model: ra = k'(Pa^alfa)*(Pb^beta) 
Variable Ini guess Value 95% confidence 
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1.0625 


1.05 


1.2 


0.6 
0.9375 


2.0625 


—————— E egy at 


k 0:2 0.5068635 0.1124446 
alfa 1 0.9828027 0.152574 
beta 1 -1.9669749 0.1668241 
Precision 
R^2 z 0.999213 
R^2adj = 0.9986883 
Rmsd = 0.0051228 
Variance = 3.149E-04 
k = 0.5 atm gmol/hr kg; @=1; В=-2 
hence, the rate law is: ~r} = 0.524. этой! kg.hr 
B 


CDPS5-D 


Since oxygen is found in excess, we assume that. i 
Puen А Тао 15 dependent onl 
This gives us a rate law of the form: ATTE y on С. 


“Tho = КСК 


From the units of the specific reaction rate, we assume that i 
i | b a=3. Now, usin, 
equation (5-18) from chapter 5, we can solve for the desired half-lives. d 


"uc 1 | 29 —1( 1 ] 22-11 1 ) 
T! Бр занне mM њим о Пн у ан и 
k(a~1) Ск , К@-1) См, Ж Сі; 


(а) For Cio = 3000ppm: 


| 3 1 | 
t л TED vv €——ÀM |= i 
204х109 аар ppm) | шаг 


ои ————————— 


СОР5-Е 
Given the data, postulate а rate law. 
хөөж T, = КС 


Then write the design equation in terms of the data given, in this case volume and time 
^^ €2NV | | 
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Plug that into the design equation: 


Now find the кае То 59 that use the graphical method. 


T At | AI-QI-Vol/VogyV | А1-(У- NOV | à div. Ny VoeYV | 
/At И me fat 


-:0:0737__ а шинжийн 
0.018 — 
а: 0.011, ЭРЕЖЕ 
| 0.009 
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The following graph is made. 


Once that is done it is the natural log of those values is ready to be graphed. 7 The 
following graph is the natural log of the derivitive of the volume function against 


the natural log of the volume function. 


Sarias? 
(Байга1) 


—— P ———  ——— M ее «ж-е. 


From the en we see that 015 2. We can also find К: 


.09 
K === = 018 
5 
303.39 * 2 
Мо Уы ро = .85 “33145313 = 020moles 
k' O18 
К ж ————— ш == ,9 
Ма 02 
The following rate law is found: 
~, =.9* С 


Now, to determine the volume of the CSTR we must use the design equation and 
stoichiometry: 


Ро = Улоћ = -6 *1013.25ЕРа = 607.95 
Combining these with the rate law just determined, the following volume is found. 
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| 
| 


FX 72 166153 d 
tuu lu eae 
607.95 23 


2 
P 
ЕТЕ ЕГЕСІ 


= 
= 


15 24 4 2 9 


Pay Ры 


Task 1. Rewrite the design equation (1.е., mole balance) іп terms of the measurement 
variables. Recall V = Ae Z, then 


dX „ЛА Ах 
dz Fao 
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For isothermal operation and no pressure drop. 


Ca = Сао (RS. Ca = РЕТ 


(1 +eX) РА = Pag (1 - X) 


v. 1-РАРАО 


Е 1-ЕХ РА/Фао 


d[1-PAP AO! Now we have the differential mole balance 


(1 +E = in terms of the measured variables РА and 
Б МШЕ as SES 2. 


Task 2. Look for simplifications. 
A) See if volume change can be neglected. 


ee Olaa [-1) = (8x107)-0 


Е = 0 therefore neglect volume change. 


dP, _ РАКА в PX 
‚ ТА = БАХ AC рерЬ CC 
Then: 42 Fag le Рв K | 


В) We see thar for runs 1 and 3 where Pas, = 1.5 and 3.0 torr, respectively, that 


most of the Есіп is consumed, indicating the equilibrium is reasonably far to 
the right. Consequently, the reverse reaction is negligible in the first part of the 
тбасїог. Le. 

“Ta = k P Р | 


C) We also see that for runs 1 and 3 that B is in excess and that for excess В 
a || 
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Ta mk Peu РА =k РС 
ара - а 
ae = К РА Algorithm 
АР, аға) 
LEO* (da х ФРА 
Task 3. Boss! AZ and plot vs Z to find [- ta] 


Гар, 
Plot [- "La vs (PA) on log-log paper to find alpha. 


Task 4. Take rado of inidal rates at Радну = 3.0 torr and Pas, = 1.5 corr 


ra Ps k Paos РА аз 5801 
[ША], К Paor Phor Paor! 


83.8 | 
46 ‘1.5! , Hence B= .97 ~ 1.0 


Therefore -ra = КІРА Pg - Eel 


Ё Kp] 
We know у = 1 because of thermodynamic consistency. Le. 
„та ак [p Paa Pes] 
Ka = „66 
Рае Рв. 


Task 5. Evaluate С and К, 
From A,Hy3 of 3.0 torr we see equilibrium is reached at Pa, =.01 
Ce = 0.129 - 0.01 = 119 


Рас = 3.0 - 119 = 2.881 
K, = — у = 4.3 tm 


T 
P 


From inital сие 


„ОР КЕ 
ar z90 x 103 ‘ore =k (.129 torı (3.0 torr) 


К = 0.23 пот стау! 
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CDP5-G 


From given data, find the rate law. 


Given: 


Oxidation of propene to acrolein 


Rate law: 
ғ, = KP," P," 
AW z0.5g 


Using Polymath non linear regression, the following results were obtained: 


Nonlinear regression (L-M) 
Model: га = k*Pp^a*Po2^b 


Variable Ini guess Value 95$ confidence 
k 5 0.006609 2.685E-05 
a 1 0.9948724 0.0046367 
b 1 0.2034299 0.001358 
Precision 
R^2 = 0.9999969 
R^2adj = 0.9999953 
Rmsd = 5.722E-07 
Variance = 4.011E-12 
CDP5-H 
1) 
А —*4+ prod -r, =k,C, 
B ER prod "= К.С, 


-% = к.с, (1-Х,)+кСь,01- Xa) 


C=C, (9+0 = С (1- X) + C (17 X5) 


ga а ~ Cos (k, = kaa + ка Ва 2 к,Х,) 


4С Ч 

UE = C, (k, -к„Х, +0759, ~ К.Х) 
11) k ас 

р Ifl " 2 2 1 
So, 
tiasa) 9 19 20 39 40 59 
C(t) teolla 0.014 0.0113 0.0097 0,0084 02074. 0.0040 
TETERE NEEN 0 0.313 0,531 0.700 0,423 1.00 


6 
0.0050 


1.123 


ии. ын 9 0.179 0.307 0.400 9,471 0.571 9.641 


шы “АХ «1,3547 3:39 * им -1.44107* dx 
. fip «2.121074 era% чим! ааш алыс% st zara oo gat 
E] E € p Ке - А -< 
ии, c (len)? 1.962107 i.311:3:1075 9.4133107 1.06210”? sasso 3,1079 2,501075 
t, 1.374 1.663 1.100 1,101 2.114 3.321 1.203 


If 11 were true, all kys Should be the game ~~) IÍ is пос true 


о 
_ e 


Gelta | 
ода На t 


СОР5-1 


(a) Experimental Plan to find the rate law for the hydrogenation of cyclopentane on a 
РУА1,О, catalyst: 


1. Since this is a stable catalyst we don't have to worry about catalyst decay and an 
Integral Reactor will be used. 


2. Perform several different runs, holding C,, and W constant while Е, is varied 
from run to run. 


3. Plot X, an vs. W/E, for all runs. 


ош 


4, Fita curve through all points which passes through the origin. The slope at any 
paint is the reaction rate. Record the slope and corresponding C,, for many 
different X, values. These data can be used to determine the rate law. 


(b) Experimental Plan to find the rate law for the liquid-phase production of methyl 
bromide from an aqueous solution of methyl amine and bromine cyanide: 
1. For a liquid-phase reaction without a catalyst, use a batch reactor. 
2. While running the reaction record both C, and C, at equal time intervals 


3. Repeat to ensure accurate data, 


CDP5-I (c) No solution 


——.———— eE 


5-32 


CDP5-K хо solution will be given. 


Solutions for Chapter 6 — Multiple Reactions 


P6-1 Individualized solution 


P6-2 (a) Example 6-2 


For PFR, 
ас ас 
ту --k -k,C, - EC; 3 =k, 
ас ас 
ae Pa 


In PER with V = 1566 dm? we get X = 1.0 and Зуху = 0.394 
also at V = 533 dm? Syxy is at its maximum value of 0.625 


0.7 


940 1253 1566 
tau 


"o 313 _ 626 . 940 1253 1566 


See Polymath program P6-2-a.pol. 


POLYMA TH Results 
Calculated values of the DEO variables 


Variable initial value minimal value maximal value final value 


tau 0 0 1566 1566 

Са 0.4 -0.0439962 0.4 -0.0439962 
Сх 1.0Е-07 1.0Е-07 0.1566001 0.1566001 
Cb 0 0 0.1490534 0.1256308 
Су 1.0Е-06 1.0Е-06 0.1617665 0.1617665 
Сао 0.4 0.4 0.4 0.4 

X 0 0 1.1099906 1.1099906 
k1 1.0E-04 1.0E-04 1.0Е-04 1.0Е-04 
k2 0.0015 0.0015 0.0015 0.0015 

k3 0.008 0.008 0.008 0.008 
Sbxy 0 0 0.6436717 0.3946104 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Cayd(tau) « -k1-k2*Ca-k3*Ca^2 
[2] d(Cxyd(tau) = k1 
[3] d(Cb)/d(tau) = k2*Ca 
[4] d(Cy)/d(tau) = КЗ*Са^2 


————— RR 
i 


Explicit equations as entered by the user 
[1] Cao = 0.4 
[2] Х-1-Са/Сао 
[3] k1 = 0.0001 
[4] k2 = 0.0015 
[5] КЗ = 0.008 
[6] Sbxy = Cb/(Cx+Cy) 


(2) Pressure increased by a factor of 100. 
Now Cao = P/RT = 0.4 x 100 = 40 mol/dm? 
For single CSTR, С,” does not change but 


„_У Sula Сю-С, ______40-0112 9” 
vo =r, И.С, thygC2 0.0001 + 0.00168 + 0.0001 
т = 21217sec 
P6-2 (b) Example 6-3 


(a) CSTR: intense agitation is needed, good temperature control. 


(b) PFR: High conversion attainable, temperature control is hard - non-exothermic reactions, selectivity not 
an issue 


(c) Batch: High conversion required, expensive products 


(d) and (е) Semibatch: Highly exothermic reactions, selectivity i.e. to keep a reactant concentration low, to 
control the conversion of a reactant. 


(f) and (g) Tubular with side streams: selectivity i.e. to keep a reactant concentration high, to achieve higher 


conversion of a reactant. 
(h) Series of CSTR’s: To keep a reactant concentration high, easier temperature control than single CSTR. 
(i) PFR with recycle: Low conversion to reuse reactants, gas reactants 


(j) CSTR with recycle: Low conversions are achieved to reuse reactants, temperature control, liquid 
reactants 


(Ю) Membrane Reactor: yield i.e. series reactions that eliminate a desired product 


(1) Reactive Distillation: when one product is volatile and the other is not 


P6-2 (c) Example 6-4 
For К; = ky, we get 


C4 = C40 expl- г) and OP +k Cs 505587 expl- г) 
T 


23 а(сь 21120 B kC 
dT 
Now at T =0 ‚Св=0 =» Св = iC car expl- kir) 


AO 


6-2 


Optimum yield: ЕСЕ -0:4(Сдо ИА kr аг expl- kyr) 


dt 
>T = : 
ор! k, 
vo ' -1 
Ки = x and Хорт expl- kc ЈЕ 1-6 =0.632 
1 
For a CSTR: 
W= Fo Р, vo (Cao -C,) 
ony n 
т' С» С, = С=С 
SES КС, 
Ср СЕЊ) 
зш Сай Єй. Өш ш. ш РНК 
zy р ОА: -8,С, (2' +1) +С, 
1.80 
ТС (t'K, +1) 
У T'k, +1 1.64 
to find the maximum concentration of C, differentiate 
Св with respect to т” and set it equal to 0. 1.48 


See Polymath program P6-2-c.pol. 


dC, ттт! 


= ———— + 2t'k, +1=0 
ат —-k,(t'k, +1) | 116 
simplifying we get 1.00 00 320 340 г 360 380 400 


T° (2k k, —k,)+7'(2k,k, +k; -1)+k, =0 


Then use the quadratic formula to solve for т’. 


(2) Operating temperature = 325 K 


P6-2 (d) Example 6-5 
Ke = Ke = 0.25 
Cue. 
ћу, = Ком, E 5 = 
2 Кс 


6-3 


5 1 


Cy, Co, 
Гу, = Чио Сан, Cio + Ky, | = 


K; 2 
Ес 
То, = kay, E ES Cy, Се, 
с 


Р6-2 (е) Ехатріе 6-6 
For liquid phase, F, =У,С, 


| nS ko, Cy, C 


dF dC 
Equation (E 6-6.3): EU Vo ae = КС yu, с- 2К,м, С> 
ас 
——À = -kC yu, њу = 2,4, бу 
4т 
dF dC 
Equation (E6-6.8): LE Vo = = Re: 


dC 
mp d bly Ca 
d T 2 2 2 


P6-2 (f) Example 6-7 

For equal molar feed in hydrogen and mesitylene. 

Сно = УноСто = (0.5)(0.032)Ibmol/f? 20.016 тоне 
Cmo = 0.016 Ibmol/ft* 

Using equations from example, solving in Polymath, 
we get 


Тон = 9.38 hr. At? = 0.5 hr all of the Н is reacted and only the decomposition of X takes place.. 


See Polymath program P6-2-f.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


tau 0 0 0.43 0.43 

CH 0.016 1.64E-06 0.016 1.64E-06 
CM 0.016 0.0041405 0.016 0.0041405 
Cx 0 0 0.0077216 0.0077207 
k1 55.2 55.2 55.2 55.2 

k2 30.2 30.2 30.2 30.2 

riM -0.1117169 -0.1117169 -2.927E-04 -2.927Е-04 
r2T 0 0 0.0159818 2.986E-04 
гін -0.1117169 -0.1117169 -2.927Е-04 -2.927Е-04 
r2H 0 -0.0159818 0 -2.986Е-04 
riX 0.1117169 2.927E-04 0.1117169 2.927E-04 
r2X 0 -0.0159818 0 -2.986E-04 


6-4 


————— ————————— нана 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(CH)yd(tau) = r1H+r2H 
[2] d(CM)/d(tau) = r1M 
[3] d(CX)d(tau) = r1X«r2X 


Explicit equations as entered by the user 
[1] ki = 55.2 
[2] k2 = 30.2 
[3] ИМ = -К1*СМ*(СН^.5) 
[4] r2T = К2*СХ*(СН^.5) 
[5] riHzriM 


[6] r2H = -r2T 
[7] ИХ 2-r1M 
[8] r2X = -r2T 


Increasing Өн decreases Top and S хл. 


P6-2 (g) Example 6-8 
Using equation from example 6-8: 
Polymath code: 


See Polymath program P6-2-g.pol. 


дым ы ment лета (neem 


NLES Solution 
Variable _Value f(x) 
CH: 4.783E-05 -4.889E-11 
CM 0.0134353 -1.047E-11 
CX 0.0023222 -9.771Е-12 
tau 0.5 
K1 55:2 
K2 30.2 
CHo 0.016 
CMo 0.016 


NLES Report (safenewt) 
Nonlinear equations 


[2] КСМ)  CM-CMo«K1*CM*CH^ 5'tau = 0 


Explicit equations 
[1 


[ tau = 0.5 
[2] K1z552 
3] K2= 30.2 


[4] CHo = 0.016 
151 CMo = 0.016 


A plot using different values of 7 is given. 

For 7 =0.5, the exit concentration are 

Cy = 4.8 x10? Ibmol/ft? Су =0.0134 той? 
Cx =0.00232 тоа 


0.000 


0.000 0.086 0.172 au 0258 0.344 0.430 


Ini Guess 
1.0E-04 
0.013 
0.002 


[1] КОН) = CH-CHo4K1*(CM*CH^.54K2*CX*CH^.5)*tau = 0 


[3] (ОХ) = (К1*СМ*СН^.5-К2*СХ*СН^О.5)Чаи-СХ = 0 


0.020 


0.016 


0,012 


0.008 
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И 


The yield of xylene from mesitylene based on molar flow rates exiting the CSTR for 7 =0.5: 
Fy кешкен _ 0.00232 0.89тоіе- xylene: produced 


РЕЗ ВЕЕ 0 СЕЕ Саа СЕЕ 


Emap Cuo Ср 7 0.016-0.0134 тоје · mesitylene · reacted 
The overall selectivity of xylene relative to toluene is: 
~ Е, _ 8.3mole- xylene · produced 


бут =a 
F, mole - toluene · produced 


This Question 


P6-2 (h) Example 6-9 
(1) 


Spy Original Problem — — Spry P6-2 h 


2.58 


Membrane Reactor A 


Doubling the incoming flow rate of species B lowers the selectivity. | 


(2) The selectivity becomes 6.52 when the first reaction is changed to A+2B > D 


P6-2 (i) Example 6-10 
Original Case - Example 6-10 


15 


12 


The reaction does not go as far to completion when the changes are made. The exiting concentration of D, 
E, and F are lower, and A, B, and C are higher. 


See Polymath program P6-2-1.pol. 


P6-2 (j) 


6-6 


3.4e-13 


2.7e-13| 


2.0e-13 


1.4е-13| 


6.8е-14 ТЕУПа 
ТЕУПАХ 


0.000 140 _ 280, 420 560 700 


At the beginning, the reactants that are used to create ТЕ-УПа and ТЕ-УПАХ are in high concentration. As 
the two components are created, the reactant concentration drops and equilibrium forces the production to 
slow. At the same time the reactions that consume the two components begin to accelerate and the 
concentration of TF-VIIa and TF-VIIaX decrease. As those reactions reach equilibrium, the reactions that 
are still producing the two components are still going and the concentration rises again. Finally the reactions 
that consume the two components lower the concentration as the products of those reactions are used up in 
other reactions. 


P6-2 (k) 


Base case Equal-molar feed 


10 


0 : v V 160 200 


Increasing Умо will increase the production of m-xylene and methane, but will result in a large amount of 
un-reacted mesitylene. 


P6-2 (D Individualized solution 


P6-4 (a) 
Assume that all the bites will deliver the standard volume of venom. This means that the initial 
concentration increases by 5e-9 M for every bite. 


9 
- 


After 11 bites, no amount of antivenom can keep the number of free sites above 66 7% of total sites. This 
means that the initial concentration of venom would be 5 5e-8 М The best result occurs when a dose of 
antivenom such that the initial concentration of antivenom іп the body is 5.7e-8 M, will result in a minimum 
of 66 48% free sites, which 1s below the allowable minimum. 


See Polymath program P6-4-a.pol. 
P6-4 (b) 


The victim was bitten by a harmless snake and antivenom was injected. This means that the 1mtial 
concentration of venom 15 0. From the program below, we see that if an amount of antivenom such that the 


mutial concentration in the blood is 7e-9 M, the patient will die. 
See Polymath program P6-4-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


Е 0 0 0 5 0,5 

Езу 0 0 0 0 

fs 1 0.6655661 1 0.6655661 
Cv 0 0 0 0 

Са 7 0Е-09 4 503E-09 7.0Е-09 4.503E-09 
fsa 0 0 0.3344339 0.3344339 
Cp 0 0 0 

kv 2 0Е-08 2.0Е+08 2.0Е-08 2.0Ё-08 
ksv 6.0E+08 6.0E+08 6.0Е-08 6.0Е-08 
ka 2.0E+08 2 0Е-08 2 .0E+08 2 .0E+08 
kia 1 1 1 1 

Cso 5.0Е-09 5.0Е-09 5 0E-09 5.0Е-09 
Ksa 6.0Е-08 6.0Е-08 6 0Е-08 6.0Е+08 
kp 1.2Е-09 1.2Е+09 1 2Е+09 1.2Е+09 
kov 0 0 0 0 

koa 0.3 0.3 03 0.3 

kop 03 0.3 0.3 0 3 

g 0 0 0 0 

h 0 0 0 0 

та 0 0 0 0 

3 -2.1Е-09 -2.1Е-09 -1 351Е-09 -1.351Е-09 


ODE Report (STIFF) 


Differential equations as entered by the user 
[1] d(fsvyd(t) = kv * fs * Cv - ksv * fsv * Са 
(21 d(fs)/d(t) = -kv*fs*Cv - Ка * fs * Са + kia * ба + 9 
(31 d(Cv)/d(t) = Cso * (-kv * fs * Су - ksa * fsa * Cv) +h 
(41 «ҚСауай) = Cso*(-ka * fs * Ca + kia * fsa) + j 
151 d(fsa)/d(t) = ka * fs * Ca - kia * fsa - ksa * fsa Су 
161 d(Cp)/d(t) = Cso * (ksv * fsv * Са + ksa * fsa * Cv) + т 


Explicit equations as entered by the user 
[1] kv =2е8 
[2] ksv = 6e8 
[3] ka = 208 
[4] kia = 1 
[5] Cso = 5е-9 
[6] ksa = 668 
17) Кр = 1 2е9 


— S 


[8] kov=0 

[9] koa=0.3 

[10] kop=0.3 

[11] g= ksa * fsa * Cv + ksv * fsv * Ca 

1121 h= -kp * Си“ Са - Ком * Cv 

[13] m = kp * Cv * Са - kop * Cp 

[14] |= -Сѕо * ksv * fsv * Са - kp * Cv * Са - koa * Са 


P6-4 (с) 
The latest time after being bitten that antivenom can successfully be administerd is 27.49 minutes. See the 


cobra web module on the CDROM/website for a more detailed solution to this problem 


99 


e 


бий 


Free site fraction 1-| 


Antivenom Injected at t 27 49 min 


OF | 
| 

1 

МР | 
9 02 0.4 0.6 0.8 | 12 14 16 18 2 


P6-5 (a) 


Plot of C4, Cp and Cy as a function of time (t): 
See Polymath program P6-5-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 15 15 | 
Са 1 0.0801802 1 0.0801802 | 
са 0 0 0.7995475 0.7995475 | 
си 0 0 0.5302179 0.1202723 | 
кі 1 1 1 1 | 
| 

| 

| 

i 

i 

6-9 | 

| 
E- 

| 


100 100 100 

10 10 10 

1.5 T5 1.5 

1 1 1 

0 0 0.9198198 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 
[2] 
[3] 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 


1.0 


0.8 


0.6 


0.4 


0.2 


0.0 0 


To maximize Cp stop the reaction after a long time. The concentration of D only increases with time 


d(Ca)/d(t) = -(k1*(Ca-Cd/K1a)+k2*(Ca-Cu/K2a)) 
d(Cd)/d(t) = k1*(Ca-Cd/K1a) 
d(Cu)/d(t) = k2*(Ca-Cu/K2a) 


Explicit equations as entered by the user 


К1 = 1.0 
k2 = 100 
К1а = 10 
Каа = 1.5 
Сао = 1 

Х = 1-Са/Сао 


аеннан етич 


3 6,9 ЛЖ. 


P6-5 (b) 


Conc. Of U is maximum at t = 0.31 min.(C4 = 0.53) 


P6-5 (c) 

Equilibrium concentrations: 
Сл, = 0.08 mol/dm? 

Cp, = 0.8 mol/dm? 

Cue = 0.12 mol/dm? 


P6-5 (d) 

See Polymath program P6-5-d.pol. 

POLYMATH Results 

NLES Solution 
Variable Value __ f(x) Ini Guess 
Ca 0.0862762 -3.844Е-14 1 


6-10 


100 
10 
1:45 


i 
0.9198198 


қылса ылы ты EE 


са 0.7843289 -2.631Е-14 0 


Cu 0.1293949 6.478Е-14 0 
Cad 1 

кі 1 

k2 100 

Kla 10 

K2a 1.5 

t 100 


NLES Report (safenewt) 


Nonlinear equations 
[1] (Са) = Ca0-t*(k1*(Ca-Cd/K1a)+k2*(Ca-Cu/K2a))-Ca = 0 
[2] (Са) = t*k1*(Ca-Cd/K1a)-Cd = 0 


[3] f(Cu) = t*(k2*(Ca-Cu/K2a))-Cu =0 А 
Explicit equations 0.295 0.133 0.0862 
0.2684 


2-2 Coss 0.666 |0784 
[2] К1=1 

[3] k2= 100 0436 |0192 |0129 
[4] Klaz 10 X 

[5] K2az 1.5 

[6] 1= 100 


[7] X = 1-Ca/Ca0 


P6-6 (a) 
mol 1/2 
AX ipse k= воо 107, п 
ат 
A—B О k, = 0.3min ' 
3 
AY СО ky = 0958-2252 
mol.min 


Sketch Звх, Spy and Звуху as a function of Са 


See Polymath program P6-6-a.pol. 


бк = 2, 
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0 | 
0.0001 0.0326 0.0651, 0.0976 0.1301 0.1626 


0 | 
0.0001 0.0326 0.0651. 0.0976 0.1301 0.1626 


r k4C 
3) Sexy = —2— = —— 2A 


ry tty Cy? + СА“ 


0 : 
0.0001 0.0326 0.0651. 2,0976 0.1301 0.1626 


P6-6 (b) 


Volume of first reactor can be found as follows 


6-12 


We һауе to maximize Sgixy 

From the graph above, maximum value of Звху = 10 occurs at СА” = 0.040 mol/dm? 
So, a CSTR should be used with exit concentration Ce 

Also, Cao = PA/RT = 0.162 mol/dm’ 


And - КА = Ру + Тв try eut ELO. +k3C 4”) 


* ж 
Бу) vol no Fa) „мар 
—ТА (ky (СА ) + СА + Аз (СА ) ) 
Р6-6 (с) 
Effluent concentrations: 
С ж 
We know, т = 9.24 min => QuEE ER. o =0.11 22 
rg ОСА dm 
Similarly: Су = 0.007 2. and Су = 0.0037 = 
dm dm 
P6-6 (d) 
Conversion of A in the first reactor: 
Саа СА = СлоХ => Х =0.74 
P6-6 (e) 
A CSTR followed by a PFR should be used. 
Required conversion = 0.99 
=> For РЕК, Mole balance: —— ----- 
dX -r4 
0.99 . 
=> У =10х0.162х | — Nm 


0.74 Gen + КСА + hc 


P6-6 (f) 

If we notice that E; is the smallest of the activation energies, we get a higher selectivity at lower 
temperatures. However, the tradeoff is that the reaction rate of species B, and therefore production of B, 
decrease as temperature drops. So we have to compromise between high selectivity and production. To do 
this we need expressions for Ку, Ко, and Кз in terms of temperature. From the given data we know: 


SE 
k, = A, exp} ———— 
26, 23 
Since we have the constants given at T = 300 K, we can solve for Aj. 
A= NEL a 
exp! 720000 
P| 1.98(300) 
2 
А,----------5.7966 


(19000 
P| 1.98(300) 
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DON NS 


АГ орои 


“х... 30000 
P| 1.98(300) 


Now we use a mole balance on species A 


ува 
-, 
TR v(C,, -C,) 
-r 
t= С = Са ____ Се -С, 


-r КСРС, +С? 


A mole balance on the other species gives us: 
Е =УС, =V 
C; =r, 


Using these equations we can make a Polymath program and by varying the temperature, we can find a 
maximum value for Cg at T = 306 K. At this temperature the selectivity is only 5.9. This may result in too 
much of X and Y, but we know that the optimal temperature is not above 306 K. The optimal temperature 
will depend on the price of B and the cost of removing X and Y, but without actual data, we can only state 
for certain that the optimal temperature will be equal to or less than 306 K. 


See Polymath program P6-6-f. pol. 


POLYMATIH Results 
NLE Solution 
Variable ^ Value f(x) Ini Guess 
Ca 0.0170239 3.663E-10 0.05 
T 306 
R 1.987 
k1 0.0077215 
k2 0.4168076 
Cao 0.1 
Cb 0.070957 
k3 0.6707505 
tau 10 
Cx .0100747 
Cy 0.0019439 
Sbxy 5.9039386 


NLE Report (safenewt) 


Nonlinear equations 
[1] f(Ca) = (Сао-Са)/(К1*Са^.5+к2*Са+КЗ*Са^2)-10 = 0 


Explicit equations 

[1] Т= 306 

[2] R= 1.987 

[3] К1 = 1.49e12*exp(-20000/R/T) 
[4] k2 = 5790000*exp(-10000/R/T) 
[5] Cao=.1 
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161 Cb= 10*k2*Ca 

[7] КЗ = 1.798e21*exp(-30000/R/T) 
181 tau=10 

i9] Cx=tau*k1*Ca%.5 

{10} Су=1аи*К3*Са^2 

1111 Sbxy = Cb/(Cx+Cy) 


P6-6 (g) 


Concentration is proportional to pressure in a gas-phase system. Therefore: 


os іы ыс 
ЗЕЙ Fre pi 


which would suggest that a low pressure would be ideal. But as before the tradeoff is 


lower production of B. A moderate pressure would probably be best. 


P6-7 
US legal limit: 0.8 g/l 
Sweden legal limit: 0.5 g/l 


Where A is alcohol in the gastrointestinal tract and B is alcohol in the blood stream 


A Ki B k2 
dC 
2 ис 

ас 

s ын КС, E k, 

k=10hr* 

k, -0192-Е 
Lhr 


Two tall martinis = 80 g of ethanol 
Body fluid = 40 L 


80g ,5 
407 T = 25 
40L L 
Now we can put the equations into Polymath. 
See Polymath program P6-7 pol. 


Calculated values of the DEO variables 


Variable initial value minimal 
value maximal value final value 


t 0 0 

Са 2 7.131Е-44 
Cb 0 0 

k1 10 10 

k2 0.192 0.192 


ODE Report (ЕКЕ48) 


Differential equations as entered by the user 
111 d(Cayd(t) = -k1*Ca 


10 
10 10 
2 7.131E-44 
1.8901533 0.08 
10 10 
0.192 0.192 
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[2] d(Cb)/d(t) = -k2+k1*Ca 


Explicit equations as entered by the user 


[1] ki = 10 
[2] k2 = 0.192 
P6-7 (a) 


In the US the legal limit it 0.8 g/L. 
This occurs at t = 6.3 hours.. 


P6-7 (b) 
In Sweden Св = 0.5 21,1 = 7.8 hrs. 


Р6-7 (c) m Russia Cy = 0.0 g/l, t = 10.5 hrs 


P6-7 (d) 

For this situation we will use the original Polymath code and change the initial concentration of A to 1 g/L. 
Then run the Program for 0.5 hours. This will give us the concentration of A and B at the time the second 
martini is ingested. This means that 1 g/l will be added to the final concentration of A after a half an hour. 


At a half an hour C4 = 0.00674 g/L and Св = 0.897 g/L. The Polymath code for after the second drink is 
shown below. 


See Polymath program P6-7-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0.5 0.5 10 10 

Ca 1.0067379 5.394Е-42 1.0067379 5.394Е-42 
Cb 0.8972621 0.08 1.8069769 0.08 

ха 10 10 10 10 

ка 0.192 0.192 0.192 0.192 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(Cayd(t) = -К1*Са 
[2] d(Cb)/d(t) = -k2+k1*Ca 


Explicit equations as entered by the user 
[1] k1=10 
[2] k2=0.192 
for the US t = 6.2 hours 
Sweden: t = 7.8 hours 
Russia: t =10.3 hours. 


P6-7 (e) 


The mole balance on A changes if the drinks are consumed at a continuous rate for the first hour. 80 g of 


ethanol are consumed in an hour so the mass flow rate in is 80 g/hr. Since volume is not changing the rate of 


change in concentration due to the incoming ethanol is 2 g/L/hr. 


For the first hour the differential equation for Сл becomes: 
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dC, 


dt 
See Polymath program P6-7-e.pol. 


= —kC, + 2t after that it reverts back to the original equations. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


Е 0 0 21 11 

Са 0 0 0.1785514 6.217Е-45 
Cb | 0 ~1.1120027 0.7458176 -1.1120027 
ki 10 10 10 10 

k2 0.192 0.192 0.192 0.192 


ODE Report (RKF45) 
Differential equations as entered by the user 


[1] d(Ca)/d(t) = if(t<1)then(-k1*Ca+2*t)else(-k1*Ca) 
[2] d(Cbyd(t) = -k2+k1*Ca 


Explicit equations as entered by the user 
111 k1=10 
[2] k2=0.192 


US: Св never rises above 0.8 g/L so the is no time that it would be illegal. 
Sweden: t = 2.6 hours 
Russia: t = 5.2 hours 


Р6-7 (f) 
60 g of ethanol immediately > Сд- 1.5 g/L 


Cs = 0.8 g/L at 0.0785 hours or 4.71 minutes. 


So the person has about 4 minutes and 40 seconds to get to their destination. 


P6-7 (g) 

A heavy person will have more body fluid and so the initial concentration of C4 would be lower. This 
means a heavier person will reach the legal limit quicker. The opposite is true for a slimmer person. They 
will take longer to reach the legal limit, as their initial concentration will be higher. 


л. 


P6-8 (а) 
Let A be the tarzlon in the stomach and В be the tarzlon in the blood. 


Mole Balances: 
ges 
—— p 
HR 27 
асы 
——— ДЕ Т, 
ағы 


Rate Laws: 
-n = БС, К.С, 
ta = КС Ку КС 


All К values are given in the proble m statement. It must be noted, however, that 
for C, < 0, k, must be equal to 0. 


These equations when entered in POLYMATH generate the following results: 
See Polymath program P6-8-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 4 4 

Ca 6.25 0.3111692 6.25 0.3111692 
Cb 0 0 0.5977495 0.4057018 
k1 0.15 0.15 0.15 0.15 

k2 0.6 0.6 0.6 0.6 

k4 0.2 0.2 0.2 0.2 

k3 0.1 0.1 0.1 0.1 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Cayd(t) = -k1*Ca-k2*Ca 
[2] d(Cb)/d(t) = k1*Ca-k3-k4*Cb 


Explicit equations as entered by the user 
[1] k120.15 
[2] К2-0.6 
ІЗІ К4-02 
[4] КЗ = if(Cb«O)then (k1*Ca-k4*Cb) else (0.1) 


P6-8 (b) 
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ре ENDS NER ЛОР 


From the following graph generated using the above program in POLYMATH, we 
сап see the proper doses of the drug: 
ic First take two doses of the drug. 


2. Six hours later take one 4056: 
ES Take one dose every four hours from then on. 
Ёс | T 
(1 у А 
| хД А f | | ћ А | | 
a я \A iu НІШ | M 
Б 111111111111 
№ РИ | 
\ | |o] \ 
075] - \ 5 
2450 
4150 ene 4 
090 1400 8 
| ЈА 
+ | 6-8a 
! 1 
1480 4 | | 
{ | 
! | 
| | 
ома 44 | 
“фо J \ 
0,246 
8121 \ 
\ 
5.000 1100) „ 1500 200 AM 


P6-8 (c) 
If one takes initially two doses of Tarzlon, it is not recommended to take another dose within the first six 
hours. Doing so will result in build up of the drug in the bloodstream that can cause harmful effects. 


P6-8 (d) 

If the drug is taken on a full stomach most of it will not reach the wall at all. The processed food can also 
drag the drug to the intestines and may limit its effectiveness. This effect can be seen in the adsorption 
constant k; and elimination constant k; values. If К, decreases this means that the adsorption process is slow 
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and if k, increases means that the rate of elimination of Tarzlon increases. The next graph shows the 
concentration profiles for k; = 0.10 h? and k = 0.8 h". Note that the maximum amount of the drug in the 
bloodstream is reduced by two. 


Concentration Profiles 
7*7 Са (mg/d) 

8 == Cb (mg/dm3) — 06 
ко а 
E $ + о. 
H $ 
Т 02 B 
О ?| | > 

0 0 

0 2 4 6 8 10 12 
Time (h) 


Concentration profile for Tarzlon in the stomach (A) and bloodstream 
(B). The maximum amount of Tarzlon in the bloodstream is 0.3 mg/dm’. 


ваља тата театара 


P6-9 (а) 
Reactor selection 

А+В— р fp = ҢА n4 =10ехр(-8000К/Т)С Съ 

AT BU мэт ғ, 100ехр(-1000К / T)C, Ср“ 
Soy a 2 = 10ехр(-8000К/Т)С,С, — _exp(-8000K/T)C 4" _ 


ғ lO00exp-1000K/T)C, ^C, 10ехр(-1000К /T)C, ^ 
At T 2 300K 


7.35x10 °C,” 


=2.62 х 10" & ky = 3.57 Spy = — 
C; 
At T = 1000K 
E 92x10? C," 
ky -335х 107 & К =36.78 Spy = —  .... “- 


с!? 
В 
Hence In order to maximize Spy, use higher concentrations of А and lower concentrations of В. This can be 
achieved using: 
1) A semibatch reactor in which B is fed slowly into a large amount of A 
2) A tubular reactor with side streams of B continually fed into the reactor 
3) A series of small CSTR’s with A fed only to the first reactor and small amounts of B fed to each reactor. 


‘= ке 5 ДР а 


: 201 p 


Tubular reactor 
with side streams 


. Pure A 
7 ну 


Semibatch 


Series of small CSTAs 
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Also, since Ep > Ey, so the specific reaction rate for D increases much more rapidly with temperature. 
Consequently, the reaction system should be operated at highest possible temperature to maximize Spy. 


Á 
Note that the selectivity is extremely low, and the only way to increase it is to keep | « 10 $ and 


A 
add B drop by drop. 


P6-9 (b) 
A*BD аа п, =100ехр(-1000К /T)C,C; 


А+В>И аа ғ, =10° exp(-8000K /T)C,C, 
Үр _ 100ехр(-1000К /Т)С,С, _ exp(-1000K /T) 


НЕРЖ 
" qy 10%exp(-8000K/T)C,C, 10” ехр(-8000К /T) 
At T = 300K 
К, = 3.57 & ky = 2.623 Spy = 1.14 x10° 
At T = 1000K 
К, = 36.78 & К, = 3354.6 Зри = 0.103 


Hence we should keep the temperature low to maximize Spy but not so low that the desired reaction doesn’t 


proceed to a significant extent. 


P6-9 (c) 
A+B->D and к, =10ехр(-8000К/Т)С,С, 
в+р—0 аа вк, =10’ exp(-10,000K /Т)С,С, 
n 10ехр(-8000К/Т)С,С, 

n, 10 ехр(-10000К/Т )С,С, 

_ exp(-8000/T)C, 
29 710 exp(-10000/T)C, 


Therefore the reaction should be run at a low temperature to maximize Spy, but not too low to limit the 
production of desired product. The reaction should also take place in high concentration of A and the 
concentration of D should be limited by removing through a membrane or reactive distillation. 


P6-9 (d) 
A— D and к, =4280ехр(-12000К /T)C, 
р — 0, аі ғ, =10,100exp(—15000K/T)C, 
А-0, жа т, = 26 ехр( -10800 К /T)C, 
ғ, 4280exp(-12000K / T)C, —10,100exp(-15000K /T)C,, 


5 ш-- Е қақ еқ дыра А НЕ Аиын cio и 
DT mua tlg, 10100ехр(-15000К /T)C,, + 26exp(-10800K /T)C, 

At T = 300K 

ky = 1.18 х 10^ & ky = 1.94 X 10? & k; = 6.03 x 10? 


If we keep C4 > 1000Ср 


_ 1.18107“ С, -1.94x10 °C, 148 _ 


шэн 2 ee салы e 1.96 
PP? 194x107 C, +.6.03X10%C, .603 
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At Т = 1000K 
К, =0.026& _ k;23.1X 10? & = 5.3 x 10* 


If we keep Сл > 1000Cp 


0.006C, -3.1x10^C,  .026 


5 - ж------49 
ВЮ? 31x10 Cy +5.3x10%C, .00053 


Here, in order to lower U; use low temperature and high concentration of А 
But low temperature and high concentration of A favours U2 

So, well have to optimize the temperature and concentration of A. 
Membrane reactor in which D is diffusing out can be used. 


P6-9 (e) 
А+В-Э 0 ша қ,-10 ехр(-10000К / T)C,C; 
р—А+В ad го = 20 ехр(-2000 К /Т )С, 


А%В-У and №) = 10 3 ехр( -3000 K /T)C,C, 
: Jis W eac oor пе, C, - 20exp(-2000K/T)C, 
EE ^ 0? exp(-3000K /Т)С,С, 
At T = 300K 
К, = 3.34х 105 & k, = 0.025 & k; = 0.045 


The desired reaction lies very far to the left and Ср is probably present at very low concentrations so that: 


—6 бал 
“33810 “С,С, 00256. _ 0.000334 _ 000074 
0.045С С, 4.5 


Spy 20 


At T = 1000K 
= 45399.9 & k,=2.7 & К = 49.7 


If we assume that С.Св > 0.001Cp then, 


s, = 45399.90 С, -27C, 45399 (1; 

d 497С,С, 49.7 
Here we need a high temperature for a lower reverse reaction of D and lower formation of U 
Also we need to remove D as soon as it is formed so as to avoid the decomposition. 


P6-9 (f) 
А-8-0 and -қд-10ехр(-8000К /ТУС,С, 
AU and — —75, = 26exp(-10,800K / T)C, 
U —A and —hy -1000exp(-15,000K / T)C, 

”- 10ехр(-8000К /ТУС,С, 


8, == ————— —À PM 
PU тр 26exp(-10,800K /T)C, -1000exp(-15,000K /Т)С, 
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We want high concentrations of B and U in the reactor. Also low temperatures will help keep the 
selectivity high. 


If we use pseudo equilibrium and set —гд = 0. 


= -10800 -15000 
= = 10enp{ 28090 )с,с, 26e ^ је, -зообелој Ё је, -o 


—8000 —10800 
с Moe [ < звод =F) 


А. 


Cy 1000 exp | ee | 
T 
Секс, 28 Ж 
С, 100 Т 1000 Т 
Р6-9 (2) 
A+B->D and — —5, -800ехр(-8000К /T)CY°C, 
Act BU, and ~r, -10ехр(-300К / T)C,C, 
D BU, and -қ, =10° ехр(-8000К/Т)С,С, 


0 
_ 800ехр(-8000/Т) С4”С, 80ехр(-8000/Т) 
"^ ^ 10ехр(-300/Т)С,С, ехр(-300/Т)С9 
At T = 300 
_ 2.098 107 
P". 0.368003 
At T = 1000 


То keep this selectivity high, low concentrations of A, and high temperatures should be used. 
_ 800ехр(-8000/Т) С, С, _ 800C% 
90%  Q0fexp(-8000/T)C,C, 10%, 


То keep this selectivity high, high concentrations of А and low concentrations of D should Бе used. Try to 


remove D with a membrane reactor or reactive distillation. The selectivity is not dependant on temperature. 


To keep optimize the reaction, run it at a low temperature to maximized Зрл in a membrane reactor that 
allows only D to diffuse out. 


(2) 

222222 версии, 0 
2? 7 10ехр(-300/Т )С,С, +10° exp(-8000/T)C,C, 

БЕТТЕСІП 
рл 10exp(-300/T) С, + 10° exp(-8000/T)C, 

At T = 300 
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RUE 


5 |  2090?C? ——— 
PUNT? 367C, +2.62%10 $C, 


At T = 1000 and very low concentrations of D 
5 0.26842 .03617 
DUW 7 408С, +335C, С 


If temperature is the only parameter that can be varied, then the highest temperature possible will result in 
the highest selectivity. Also removing D will help keep selectivity high. 


P6-9 (h) No solution will be given 


P6-9 (i) 
ть _ exp(-7000K /Т)С 
ty 10С, ^ 
dF dF, 
av” ve 
dF, dF, 
= = F, 
4026 ave” 
= Do 
B V, 
А-В- р ћу =—Na қ = -10exp(-8000K /T)C,C, 
А+В>И та r,, = -100exp(-1000K / T)C, "С, 
ГА = hatha 
Е Б 
C, = Сю E Cy = Ср E 
mol dm? 
С = урт Vo = 222: 
Едо = Стоу 


These equations are entered into Polymath and the plots below аге for the membrane reactor. The code сап 
be modified to compare with the PFR results. 


See Polymath program P6-9-i.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 10 10 

Fa 4 0.5141833 4 0.5141833 
Fb 0 0 4.5141833 4.5141833 
Fd 0 0 3.034Е-06 3.034Е-06 
Fu 0 0 3.4858137 3.4858137 
Cto 0.4 0.4 0.4 0.4 

T 600 600 600 600 

Ft 4 4 8.5141833 8.5141833 
Cb 0 0 0.2120783 0.2120783 
Ca 0.4 0.0241566 0.4 0.0241566 
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pi ама Ne ЕТЕК RTI a tt СН 


rla 0 -4 
га 0 0 
r2a 0 -0 
ra 0 -0 
rb 0 -0 
ru 0 0 
Vt 5 5 
Fao 4 4 
Rb 0.8 0 
Sdu 5.423Е+05 2 


ODE Report (RKF45) 


.575Е-07 


.4461944 
.4461948 
- 4461948 


.8 
.894E-07 


Differential equations as entered by ihe user 


1] d(Fayd(V)- га 
[2] d(Fbyd(V) = rb« Rb 
ІЗІ d(Fd)/d(V) = rd 
[4] d(Fuyd(V) = ru 


1] Cto=.4 

[2] T2600 

3] Е = Fa+Fb+Fd+Fu 

[4] Cb =Cto*Fb/Ft 

[5] Ca = Cto*Fa/Ft 

[6] а = -10*exp(-8000/T)*Ca*Cb 
[7] rd=-rta 


Explicit equations as entered by the user 


[8] r2a = -100*exp(-1000/T)*Ca^.5*Cb^1.5 


[9] ra=rlat+r2a 
(101 rb=ra 
[11] ru=-r2a 
[12] М=5 

[13] Рао=4 
[14] Rb = Рао А 


.575Е-07 


.4461944 


.8 
.423Е-05 


с с› (л Сб) с со О № о 


[15] Sdu = ехр(-7000/Т)*Са^.5/(10"СЫ^.5+.00000000001) 


P6-9 (j) No solution will be given 
P6-9 (k) No solution will be given 
P6-9 (1) No solution will be given 


6.0et5 
4.8е+5 
3.6е+5 
2.4е+5 
1.2е+5 


0.0е4-0 
0 
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-8.297Е-08 
8.297Е-08 
-0.2867066 
-0.2867066 
-0.2867066 
0.2867066 


5 
4 
0.8 
2.894Е-07 


P6-10 (a) 


Species А: 


Species B: 


Species С: 


We og 
dt 
te =k Cy 
Plugging into POLYMATH: gets the following. 
22 “ду 
Equations: Variable Initial value Maximum value Minimum value 
d(ca)/d(t)xra t 0 100 0 
d(cb) /d(t)=zb са 1.6 1.6 6.78982-18 
dice) 4 (5) ке cb 6 1.4556 0 
kl=.4 сс 9 0.9943 0 
k2z.01 kl 9.4 0,4 20,4 
raz-kl*ca к2 0.01 0.01 0.01 
rcsx2*cb ra “0.64 -2.115928-18 -0.64 
rxbukiltca-k2*cb rc 0 0.014556 0 
fq = 0, tr = 100 rb 0.54 0.54 -0.0132417 
2.052 + 
key 
"Са зс: + 
5 Ch = 
“Се 
pi 


3.36 


м2 


о 


A mm 
2252 


Р6-10 (b) 
For CSTR, т =0.5h 
First calculate К; and k; : 


1 1 
E | 
R\T, T 
10,000/ 1 1 
К 204 ---|---- 
К (373 Т 
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Final value 
100 
8.7898е-18 
0.6037 
0.9963 

2.4 

0.02 
-2.71592е-18 
0.006037 
-0.006037 


20,000/ 1 1 
k, = 0.01exp EC 2 


See Polymath program P6- 10-b.pol. 


POLYMATH Results 

NLES Solution 

Variable Value £ (x) Ini Guess 
Ca 1.5268515 -6.446E-13 ` 1.5 
Cb 0.0319385 7.28E-14 0 
Cc 0.04121 0 0 
tau 0.5 

T 760 

k1 0.0958161 

ra -0.146297 

k2 2.580579 

rb 0.0638771 

үс 0.0824199 


NLES Report (safenewt) 


Nonlinear equations 

1] f(Ca) = tau*(-ra)-(1.6-Ca) = 0 
[2] f(Cb) = tau*(rb)-Cb = 0 

[3] f(Cc) = tau*(rc)-Cc = 0 


Explicit equations 
[1] tau=.5 

2] T=760 

[3] k1 72*exp(-10000/(1.987*T)) 
41 ra=-ki*Ca 
5 

6 

7 


К2 = 1457152*ехр(-20000/(1.987*Т)) 
1 № = К1*Са-К2*СЬ 
] гс = К2*СЬ 


І 


Cb vs. temperature 


3.00E-02 


2.50Е-02 +- 


2,00E-02 


Cb (ойт) 


1.50E-02 


1 00Е-02 


5.00Е-03 4 


0.00E+00 1 252542 20 Е 
0 200 400 600 800 1000 1200 


temperature (К) 


Therefore, Св is maximum at T=760K. 
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P6-10 (c) 


(c) Part is similar to part b except for two rate laws: 


2k ӨС mk FC 
ft, Hk rt Cy ek, FC, 


ty =k, С, -k,*C;-*C, — 
Using those rate laws inPOLYMATH produce the following: 


Initial value 


d(ca) /4 (5) era 1.5 

d(cb) /d(t)=rb 0 

4 (ес) /8 (2) src 0 

Кіс«8.33е-5 205 - 

k1f2.0001 ёс 4 

К2=2.78е-6 кс. Мет 

— uS 

rasklr*cb-klf*ca \ 

rbsklf*ca-klr*cb-k2*cb m I . 

to * 0, *g = 350000 Г bs Чо 

9.409 8 „.—=77 
| p 
"er cue п 1240 оз T «2M. 

Variable initial value Maximum value Minimum value Final value 
t 0 350000 0 350000 
са 1.6 1.6 0.436316 0.436316 
cb 0 0.833237 0 0.5159 
сс 0 0.647784 0 0.647784 
kir 8.33е-05 8.33e-05 8.33e-05 8.33e-05 
к1Ё 0.0001 0.0001 0.0001 0.0001 
ка 2.78е-06 2.18e-06 2.78e-06 2.78e-06 
rc 0 2.3164e-06 0 1.4342e-06 
ra -0.00016 -6.57168e-07 -0.00016 -6,57168е-07 
rb 9.00016 0.00016 41.20632e-06  -7.77034e-07 
P6-10 (d) 


Thisis similar to part d except for one rate law: 


Lk *C-k,*C 


€ 


Using that in POLYMATH produces the following: 
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Equations: 


4(са) /d(t)=za 


dicb) /d(t) «zb =. " 
d(cc)/d(t)src os 
klr=8.33e-5 {205 


хаК1с+ср-КІЁ*Са SIGE 
rcsk2f*cb-k2r*cc 


2000 ~ 
rbzkif*ca-Xlr*cb-k2f*cbrk2r*cc 


0 ЧЕ = 350000 

Variabie Initial value Maximum value Minimum value Final value 
t 0 350000 9 350000 

са 1.6 1.6 0.490306 0.490306 

cb 9 0.833769 9 0.383662 

сс 0 0.526032 0 0.526032 

кіс 8.33е-05 § 338-05 8,316-05 8.33=-05 

kif 0.0001. 0.0001 0.0001 0.0001 

k2£ 2.78e-06 2.78e-06 2.78e-06 2.58e-06 

x2r 1.398-06 1.39е-06 1.39e-06 1.39e-06 

ra -0 00016 -4.11573e-07 -0.00016 -4.11573е-07 
rc 0 2.25569e-08 0 8.31336e-07 
хр 0.00016 0.80016 -1.12493e-06  -4.79824e-07 

P6-10 (e) 


(9) When КІ>100 and k2«0.1 the concentration of В immediately shoots up to 1.6 and 
then slowly comes back down, while CA drops off immediately and falls to zero. This is 
because the first reaction is so fast and the second reaction 1s slower with no reverse 
reactions. 

When k2 = 1 then the concentration of B spikes again and remains high, while very 
little of C is formed. This is because after В is formed it will not got to C because the 
reverse reaction 15 faster. 

When k-2 = 0.25, B shoots up, but does not stay as high because the second reverse 
reaction is a slightly slower than seen before, but still faster than the forward reaction. 


P6-11 (a) 


Intermediates (primary K-phthalates) are formed from the dissociation of K-benzoate with a CdCl, catalyst 
reacted with K-terephthalate in an autocatalytic reaction step: 


A—5— R-——,8 Series 
К+5—8—>28 Autocatalytic 
1 
Соз = = үү = 0.02mol / dm’ 
8.31477. (683K) 
mol.K 
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Maximum іп В occurs at t = 880 sec. See Polymath program P6- {1-a.poi. 


POLYMATH Results 

Variable initial value minimal value maximal value final value 
t 0 0 1500 1500 

А 0.02 0.003958 0.02 0.003958 
R 0 0 0.0069892 0.005868 
5 0 0 0.0100382 0.0100382 
k1 0.00108 0.00108 0.00108 0.00108 
k2 0.00119 0.00119 0.00119 0.00119 
k3 0.00159 0.00159 0 0 


.00159 .00159 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Ayd(t) = -k1*A 


[2] d(Ryd(t) = (k1*A)-(k2*R)-(k3*R*S) ард 
(3) d(S)/d(t) = (k2*R)-(k3*R*S) 
Explicit equations as entered by the user yo 
[1] k1 = 1.08e-3 
[2] ke = 1.19e-3 zii 
[3] КЗ= 1.59e-3 e 
P6-11 (b) ш 
1)Т=703 К 1 p 
Cao = 0.019 mol/dm? УК ~ $8 “ий” “ae 1800 
; Е(1 1 
=k exp| =+ —-— 
ин E Б Т ) 
k -(1.08х107%)ехр ашамай ей sour] = 2.64х10 357 
(1.987cal / mol.K)V 683K 703K 


Similarly, 
k, -3.3х1075 and k, 23.1x 10? dm / тої. 


Maxima in К occurs at around t 2320 sec. See Polymath program P6-11-b1 pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 1500 1500 

A 0.019 3.622E-04 0.019 3.622Е-04 
R 0 0 0.0062169 8.856Е-04 
5 0 9 0.0174625 0.0174625 
ка 0.00264 0.00264 0.00264 0.00264 
k2 0.0033 0.0033 0.0033 0.0033 

k3 0.0031 0.0031 0.0031 0.0031 


ODE Report (RKF45) 0:62 = 
Differential equations as entered by the user ЕН 
[1] d(Ayd(t) = -k1*A 
i2] d(R)d(t) = (k1*A)-(k2*R)-(k3*R*S) 
131 d(Syd(t) = (k2*R)-(k3*R*S) 
Explicit equations as entered by the user 
[1] Кі -2.64е-3 
[2] К2 = 3.3е-3 
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[3] КЗ = 3.1е-3 


2) Т = 663 К 
Cao = 0.19 mol/dm? 


K = (1.085102) екр 14260004! то) (r | -042x107,^ 
(1.987cal/mol.K)\ 683K 663K 


k, -0.4х1075 

k, =0.78ж10 dm? | mol.s 

See Polymath program P6-11-b2.pol. 
POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 10000 10000 

A 0.019 2.849E-04 0.019 2.849Е-04 
R 0 0 0.0071414 0.0012573 
5 0 0 0.016889 0.016889 
k1 4.2E-04 4.2Е-04 4.2Е-04 4.2Е-04 
k2 4.0Е-04 4.0Е-04 4.0Е-04 4.0E-04 
k3 7.8Е-04 7.8Е-04 7.8Е-04 7.8Е-04 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(A)/d(t) = -k1*A 
[2] d(R)/d(t) = (k1*A)-(k2*R)-(k3*R*S) 
[3] d(S)/d(t) = (k2*R)-(k3*R*S) 

Explicit equations as entered by the user 
(11 k1=0.42e-3 
[2] k220.4e-3 
[3] КЗ=0.78е-3 

Independent variable 
variable name : t 
initial value : 0 
final value : 10000 


0.020 п == 
0.016 
0,012 
0.008 


0.004 


Seann 


0.000 


0 2000 4000 : 6000 8000 10000 


Maxima in R occurs around t = 2500 sec. 
P6-11 (c) 
Use the Polymath program from part (a) and change the limits of integration to 0 to 1200. We get: 


Сехи = 0.0055 mol/dm? 
Crexit = 0.0066 mol/dm? 
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Css; = 0.0078 то дат 


P6-12 (a) 
moel 


ha = КС, =~(.07X.1)= Brem 


ha = Шы gt 3.51) ( 1) = -0.0026 mol | 
Ш 3 dm’ •5 
mol 
Ба =0 Ge күсе гү 
P6-12 (с) 
-D (II mol 
£ e Aon = 2 TRIP 
* 3 3 din’ es 
2 * 4 гү 
Bom д 203050) CU =-.0.0052 E. 
3 3 dm'es 
Бе = Tyg = ~(.2)(-049)( 51) = -0.005- 001. 
dim’ *s 
P6-12 (e) 
mol 
he = 6 * Ei [у ДЕНИ 
= fia dm! es 
PEN О. 
т? es 


he = (.2)(.049)(.51) = 0.005 


т. 
Р6-12 (f) | 
mo 


гі =--0.07 – 0.0026 = -0.0726 you Md 
dm es 


Te = 0.023 — 0.0052 -- 0.005 = 0.0128 19: . 


mes 
г, = 0.0078 -- 0.033 = 0.0011— нэ. : 
dm” е 
г, = 0.005 LA. 
dm” ès 
P6-12 (h) 


Mole balance: Cao С, = (=r, Xr 


1 


P6-12 (b) 
Lac ТА = ( 018) = 0.02300! 
та 3 dm? es 
Lg 0 Бр = (ob. 
m' es 
mol 


(ж Қы И ымдады 


т? es 
P6-12 (d) 


mol 


fp = 0* rn, -0----- 
ID ЈА dm? es 
fp (351) (1) = 0.007891. 
mas У 
ж Cm. 24020604951) = --0.0067 mo 
Цин 3 | dm'es 
P6-12 (g) 
Vs Fro By 
UE. 
„(Сот Са) 
“Ty 
= 100(3 - 0.1) = 4000dn 
0.0726 


Rate law: LA = kul, E] 
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—Y 


1 2 
їс = E -3 kewl aCe ьеСесь | 
2 4 
ry =| KgC4C; а ЕСЕ 


Solving in polymath: С, -0.0069М С, =0.96М С. =0.51М С, =0.004M 
Sam = Тр = 247 быс = 1.88 
See Polymath program P6-12-h.pol. 


POLYMATH Results 
NLES Solution 
Variable _ Value £ (x) Ini Guess 
Ca 0.0068715 -2.904Е-10 3 
Cb 0.9620058 -1.332E-15 0 
Cc 0.5097027 -1.67Е-08 0 
са 0.0038925 -2.391Е-08 0 
Се 0.2380808 1.728E-08 0 
kd 3 
ka 7 
rb 0.0160334 
ra -0.0498855 
ke 2 
re 0.008495 
rd 6.488E-05 
re 0.003968 
tau 60 
Cao 3 
NLES Report (safenewt) 
Nonlinear equations 
111 Са) = Сао-Са+гачац = 0 
[2] f(Cb) = Cb - rb*tau=0 
[3] f(Cc) = Cc-rc*tau = 0 
[4] ҚСа) = Cd-rd*tau = 0 
[5] КСе) = Се - re*tau = 0 
Explicit equations 
111 kd=3 
[2] ka=7 
ІЗІ rb=ka*Ca/3 
[4] га = -(Ка*Са-+ка/3*Са*Сс^2) 
[5] ke=2 
[6] гс = Ка*Са/3 - 2/3*Ка*Са*Сс^2 - ke*Cd*Cc 
[7] га = Ка*Са*Сс^2 - 4/3*ke*Cd*Cc 
[8] ге = Ке*Са*Сс 
[9] tau = 60 
[10] Сао=3 
P6-12 (i) 
For PFR and gas phase: 
Mole balance: Uy =r; dF, =r; аб. =r; dF, =r, dF; сізді 
ау ау dv dV dV 
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ИВ 


Rate law: hy Jesc, R1 


4 | 
Fp = 22 Зай | 
Fg = [556,65] | 
F F, F 
Stoichiometry: С, = Cro — y С, = Сб -Ey Се Са = у 
А то F, с то F, D F, 
Fr =F, +F; +tFo+FptFg 
dy _-а № 
dV 2y Fo 


Plot of Cg and Сс are overlapping. 
See Polymath program P6-12-i pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 100 100 

Fa 20 9.147Е-04 20 9.147Е-04 
Fb 0 0 6.6638171 6.6638171 
Ес 0 0 6.6442656 6.6442167 
Fd 0 0 0.0201258 0.0171261 
Ее 0 0 0.0043322 0.0043322 
y d 0.9964621 1 0.9964621 
Ft 20 13.330407 20 13.330407 
Cto 0.2 0.2 0.2 0.2 

Ce 0 0 0.0993605 0.0993325 
ka 7 7 7 7 

ка 3 3 3 3 

ke 2 2 2 2 

Ca 0.2 1.367E-05 0.2 1.367Е-05 
rb 0.4666667 3.191Е-05 0.4666667 3.191E-05 
ra -1.4 -1.4 -9.586E-05 -9.586E-05 
Cd 0 0 3.0Е-04 2.56Е-04 

Fto 20 20 20 20 

ЕС 0.4666667 -1.923E-05 0.4666667 -1.923E-05 
rd 0 -7.012Е-05 8.653E-04 -6.742E-05 
re 0 0 5.908Е-05 5.087Е-05 
alfa 1.0Е-04 1.0Е-04 1.0Е-04 1.0Е-04 

X 0 0 0.9999543 0.9999543 


ODE Report 45 


Differential equations as entered by the user 
i1] d(Fayd(V) = ra 


[2] AED 0 
131 d(Fe)/d(V) = 
141 d(Fd)/d(V) = 
151 d(Fe)/d(V) = 
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| 
| 
| 
| 
| 
| 


161 d(yyd(V) = -alfa*FU(2*y*Fto) 


Explicit equations as entered by the user 
(11 А = Fa+Fb+Fo+Fd+Fe 
[21 Cto=0.2 
[3] Сс =Cto*Fe/Ft’y 
[4] ka=7 
[5] kd=3 
[6] ke=2 
[7] Ca = Cto*Fa/Ft*y 
(8) тр = ка*Са/з 
i9] ra = -(ка*Са+ка/з*Са*Сс^2) 
1101 Са = Cto*Fd/Ft*y 
i11] Но = 0.2*100 
1121 rc = Ка*Са/3 - 2/3*kd*Ca*Cc^2 - ke*Cd*Cc 
113] rd = Ка*Са*Сс^2 - 4/3*ke*Cd*Cc 
[14] те = ke*Cd*Cc 
[15] alfa = 0.0001 
[16] X = 1-Fa/20 


P6-12 (4) Changes іп equation from part (1): 

dF. ed 
a = — Ке Ке = Каре Сс Карме = 2 шіп 
See Polymath program P6-12-j-pol. 


1 
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0.012 


0.008 


P6-13 (a) 
m-xylene — benzene + methane 
A B + M 
m-xylene — p-xylene 
A > Р 


See Polymath program P6-13-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 6000 6000 

Fa 75 6.1072984 75 6.1072984 
Fb 0 0 16.297198 16.297198 
Fp 0 0 52.595503 52.595503 
Fm 0 0 16.297198 16.297198 
Fi 25 25 25 25 

Ft 100 100 116.2972 116.2972 
k1 0.22 0.22 0.22 0.22 

k2 0.71 0.71 0.71 0.71 

Cto 0.05 0.05 0.05 0.05 

Ca 0.0375 0.0026257 0.0375 0.0026257 
ril -0.00825 -0.00825 -5.777E-04 -5.777E-04 
Cb 0 0 0.0070067 0.0070067 
r2 -0.026625 -0.026625 -0.0018643 -0.0018643 
Cp 0 0 0.0226125 0.0226125 
Spb 0 0 3.2272267 3.2272267 
tau 0 0 3 3 

Y 0 0 0.7634409 0.7634409 
x 0 0 0.9185694 0.9185694 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Fa)/d(V) = гі+г2 
[2] d(Fb)/d(V) = -r1 
[3] d(Fp)/d(V) = -r2 


Explicit equations as entered by the user 
[1] Fm=Fb 
[2] Fi=25 
[3] Ft =Fa+Fb+Fp+Fm+Fi 
[4] К1=.22 
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[5] k2=.71 
[6] Cto=.05 
[7] Ca = Cto*Fa/Ft 
[8] 11 =-k1*Ca 
[9] СЬ = Cto*Fb/Ft 
1 12 = -К2*Са 
11 Cp = Cto*Fp/Ft 
[12] Spb = Cp/(Cb+.0000001) 
31 tau = V/2000 
1 У = Fp/(75.00000001-Fa) 
[15] X = (75-Ға)/75 


а т = 2.8 is necessary to achieve 90% conversion 


10 4.0 
0.8 32 
0.6 24 
0.4 1.6 
02 0.8 
0.0 DV CEPS 0.0 и 
0 1200 2400 ү 3600 4800 6000 0 1200 2400 v 3600 4800 6000 
P6-13 (b) 
CSTR 
| | 
= 4 ~ ҡ E H Ts E 1 = 
Mole Balances: Е. =Е tY env Ray БУ | 
Rate Laws: г, ==C, У кы) тем =k,C, фтҚ;С, | 
: | 
Efi 1 С. 
k йы К, ©; | = т OAK к T k exp та ни 
о" T 946] ` “7817 946 


Using these equations and Polymath we find the optimal temperature is 1194 K. The maximum 
concentration of p-xylene is 0.013 mol/dm? 


See Polymath program P6-13-b.pol. 


POLYMATH Results 
NLES Solution 
Variable __ Value £(x) Ini Guess 
Ca 0.012197 7.15E-11 0.0375 
Cb 0.0122301 5.284E-12 0 
Cm 0.0122301 5.284E-12 0 
Cp 0.0130729 -3.069E-11 0 
Сао 0.0375 
tau 0.5 
klo 0.22 
El 2.0Е-04 
R 1.987 
k20 0.71 
E2 10000 
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Yp 0.5166557 


T 1194 

k1 2.0054175 
rb 0.0244601 
rm 0.0244601 
k2 2.143628 
rp 0.0261459 
ra -0.050606 


NLES Report (safenewt) 


Nonlinear equations 

[1] Са) = Ca-Cao-ra*tau = 0 
[2] f(Cb) = Cb-rb*tau = 0 

[3] КСт) = Cm-rm*tau = 0 
[4] f(Cp) = Cp-rp*tau = 0 


Explicit equations 


1] Cao = .0375 
[2] tau=.5 
ІЗІ klo=.22 
[4] E1=20000 
[5] R= 1.987 
[6] k20- 71 
[7] E2 = 10000 
[8] Үр = Ср/(.03750000001-Са) 
[9] Т= 1194 
[10] kt =k1o*exp((E1/R)*(1/946-1/T)) 
[11] rb=k1*Ca 
12] m=k1*Ca 
[13] k2 = k20*exp((E2/R)'(1/946-1/T)) 
[14] р = К2*Са 
[15] га =-К1*Са-К2*Са 


————————————————————————— 


P6-14(a) 
50din? РЕВ 
Mole balance: 


ЯСА _ ТА асы Тв 
Fae We 
ас C ro dCp Tp 
dV ^w! dV ^ об 
dC р UTE dC rp 
dV vo dV w 
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————————_—__ 


Rate laws: 


Гүл 
TEZ 


PPS 


= рр 87 Ез 
CAE cU TS 
rpi + ГЕ? — 2Ғвҙ 

= тру Tg | rps 

= тег 

= рез 


E 42 

== k 12 СА C H 
= КЕзСАСр 
+ “2 

ЕрзСвС 2: 


The equation for the conversion of A is : 


See Polymath program P6-14-a.pol. 


POLYMATH Results 


No Title 08-01-2005, Ееу5.1.233 


Calculated values of the DEQ variables 


Variable 


t 
Fa 
Fb 
Ес 
ға 
Бе 
Ff 
vo 
Cao 
Cho 
Ft 
Cto 
kdi 
ke2 
КЕЗ 
Се 
са 
Cb 
Ca 
rdi 
re2 
rf3 
re 
rf 
rd 
ra 
rb 
rc 


ODE Report (RKF45) 


кю мо > >" >" Оо ©О © кә кә М о О (Л © о ою) ©) МЮ ә з © О О о 


initial value 


0 
15 
20 


© 
ол 


о 


„5 
25 


нэ 


0 


0. 
T- 


e 


OOoOOoOooococoocuoocumnmpbtNmpbmpbooocooco 


.2090606 


3440833 


Ол 


5.582463 


„3018965 
„0469574 
„0010699 


.042376 
ХӘ 


„0962952 


Differential equations as entered by the user 


minimal value maximal value 


50 

15 

20 
1.9655663 
7.2554436 
2.5920934 
4.6265981 
10 

1.5 


PN OUI 
Ui 


.228291 
.4503322 


E 
339. 
.1004639 
- 3632767 
- 1004639 
» 3632767 
29 
-0215011 
.0116593 
1.5 


ооОвоооомкыхомволоооомкм 
за 
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final value 
50 
. 2090606 
„3440833 
.3535564 
„4570707 
„5920934 
.6265981 


о 


55 


5.582463 
45 

.25 

44 


.0794128 
.4503322 
.3018965 
.0469574 
.0010699 
.0068104 
.0095194 
.0068104 
.0095194 
.0030314 
.0215011 
.0116593 
.0111585 


КЕДЕ БЕ) 
OOOOOOoOooococornocuocouuwnmnÓtnpnmnfbitoommnbo 


d 


[1] d(Fa)/d(t) = га 
[2] d(Fb)/d(t) = rb 
[3] d(Fe)/d(t) = rc 
141 d(Fd)/d(t) = rd 
[5] d(Fe)/d(t) = ге 
[6] d(Ffyd(t) = rf 


Explicit equations as entered by the user 

[1] vo=10 

[2] Cao=1.5 

[3] Cho=2 

[4] Е = Fa+Fb+Fo+Fd+Fe+Ff 
[5] Cto = Cao+Cbo 
[6] kd1 = 0.25 
[7] ke2 = .1 
[81 КЗ-5 
[9] Сс = Cto*Fc/Ft 
[10] Cd = Cto*Fd/Ft 
[11] Cb = Cto*Fb/Ft 
121 Ca=Cto*Fa/Ft 
[13] rdi = kd1*Ca*Cb^2 
[14] re2 = ke2*Ca*Cd 
[15] З = kf3*Cb*Cc^2 
16] re=re2 
[17] т=из 
[18] rd = rd1-2*re2+rf3 
[19] ra=-rd1-3*re2 
[20] rb = -2*rd1-rf3 
[21] rc=rdi+re2-2*1f3 


P6-14 (b) 
(b) Determine the effluent concentration and conversion from a 50dm? CSTR. 
Mole Balance: 


PFao— Fa = -ТАУ 

Feo Ер = -твҮ 
Fo = тоУ 
Ер = pV 
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Е 


Ғы шш rV 
Ев = тру 


T= £, combining rate law and mole balance, 


do І 


КСА) = Одо Cag Таљ 
(Св) = Св – Сво-твт 
НСс) = -Сс тот 
Кер) = -ңСревтрт 
КҚС) = -Св+твт 
ҚОР) = -Се-+тьт 


Polymath code, 


f(ca)sca-ca0-ra*tau 
f(cb)scb-cbO-rb*tau 
f(cc)src*tau-cc 
f(cd)srdstau-cd 


f(ce)stau*re-ce 
f (cf) =tauxrf~cf 
tausV/vo 

Vs50 

vos10 

са0=1.5 

cb0272.0 
rdiskdi*caecb^2: 
re2*ke2*cax*cd 
rf3ekf3*cb*cc^2 

ка1=0 .25 | 
ke2=0.1 

kf3=5 
ras-rdi-3*re2 
rb--2*rdl-rf3 
rcerditre2-2*rf3 
rd-erdí-2*re2*trf3 
re=re2 

гізіі3 

са(0)=1 

cb(CO) 71 

сс(0)41 

cd(0) =1 

се(0)=1 

cf (0)=1 


(Ans) Сл = 0.61, Cp = 0.79, Ce = 0.11, Ср = 045, Cg = 0.14, Cp = 0.25 
Р6-14 (с) 


(с) Vo = 40407 Semi-Batch reactor. (1) A is fed to B, (2) B is fed to A 
(Case 1) A is fed to B, 
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ЕЕЕ“ 


= ro ty т 


ша Рр“ to ЗУ 


Сво 
and modifying corresponding polymath code. 


d(ca)/d(t)era-vo/V*ca 

d(cb) /d(t) »xbtvo/V*(cb0-cb) 
ca(0)21.5 

сЬ(0)=0 

х-(са0-са)/са0 


Differences 

(1) Because Сво is higher than Са (i.e. 30% higher molar flow rate), case (2) reaches X = 1 in earlier time. 
(2) With the same reason, case (2) produces D and F more 

(3) With the same reason, Cg (in case 2) increases more drastically(excessively) than (Са (in case 1) 


(c) case | concentration vs. time 


100) eee + мчч е кенмен оваа ла a ий ад маан О аиан иин ООС озеннин аеннан ата пет 


СУ 
% 5 
Giaph Title 2 

Яя“ 

ж че 
19: ^ се 

Ad 
үлд 

БУУ 
od GRA ao MOOI OO ООО 
ооо Ое ООО 
3.20 еее we 
ooo 997 
му 
Кесу 
өзе” 
ее 
120 д 
ае” 


йай 


DE 


8% 


енеден 


Ч Аай j ? 4 
зөө ян 4000 бей ‘ad fup SAGE Vip d 


900 
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Case 
$30 


990 


à 38 


Case 


168 


үл 


| conversion vs. lime 


40.00 


0.00 18:00 20.00 20 00 
2 concentration vs. time 


Graph fitle 
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————————— —— 5 
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any 09007 
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Case 2 conversion vs. time 


case (2) 


——MÁ—————Á—————— X 


0.00 10.00 20 00 30.00 40.00 50.00 50:00 
t 


P6-14 (d) 


As Өв increases the outlet concentration of species D and Е increase, while the outlet concentrations of 


70.60 80,00 


90:00 


100 00 


species A, С, and E decrease. When Өв is large, reactions 1 and 3 are favored and when it is small the rate 


of reaction 2 will increase. 


P6-14 (e) 


When the appropriate changes to the Polymath code from part (a) are made we get the following. 


See Polymath program P6-14-e.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


V 0 0 500 

Fa 20 18.946536 20 

Fb 20 18.145647 20 

Fc 0 0 0.9342961 
ға 0 0 0.8454829 
Fe 0 0 0.0445942 
Ff 0 0 0.0149897 
vo 100 100 100 

Ft 40 38.931546 40 

Cto 0.4 0.4 0.4 

ка1 0.25 0.25 0.25 

ke2 0.1 0.1 0.1 

k£3 5 5 5 

Сс 0 0 0.0095994 
са 0 0 0.0086869 
Cb 0.2 0.1864364 0.2 

Ca 0.2 0.1946651 0.2 

rdi 0.002 0.0016916 0.002 

re2 0 0 1.691Е-04 
ҮЗ 0 0 8.59Е-05 
re 0 0 1.691Е-04 
rf 0 0 8.59E-05 
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final value 
500 
18.946536 
18.145647 
0.9342961 
0.8454829 
0.0445942 
0.0149897 
100 
38.931546 

.4 

.25 

21 


.0095994 
.0086869 
.1864364 
.1946651 
.0016916 
.691E-04 
.59E-05 

.691E-04 
.59E-05 


он оыноооооолооо 


MÀU 


rd 
ra 
rb 
re 
Scd 
Sef 


ODE Report (RKF45) 


0.002 
-0.002 
-0.004 

0.002 

1 

0 


0.0014393 
-0.0021989 
-0.004 

0.0016889 

1 

0 


Differential equations as entered by the user 


[1] 
[2 
[3 
[4] 
[5 
[6 


“т 


d(Fa)/d(V) = ra 
d(Fb)/d(V) = rb 
d(Fe)/d(V) = rc 
d(Fd)/d(V) = rd 
d(Fe)/d(V) = re 
d(Ff)/d(V) = rf 


Explicit equations as entered by the user 


[11 


0.00 
0 


vo = 100 


А = Fa+Fo+Fo+Fd+Fe+Ff 


1 Cto=.4 


kdi = 0.25 
ke2 = .1 

КЁЗ = 5 

Cc = Cto*Fc/Ft 


1 Cd = Cto*Fd/Ft 


Cb = Cto*Fb/Ft 
Ca = Cto*Fa/Ft 


rdi = kd1*Ca*Cb*2 


re2 = ke2*Ca*Cd 


ИЗ = kf3*Cb*Cc^2 


re = ге? 
rf = З 


rd = rd1-2*re2+rf3 


га = -rd1-3*re2 
rb = -2*rd1-rf3 


гс = rd1+re2-2*rf3 
Scd = rc/(rd--.0000000001) 
Sef = re/(rf+.00000000001) 


ЕТТ 


P6-14 (f) 


dF, 
The only change from part (e) is: p =r Es 5 


200 


400 500 


300 


ү 


0.002 
-0.002 
-0.003469 

0.002 

1.1734311 

83.266916 


0 100 
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‚0014393 
‚0021989 
‚003469 

„0016889 
„1734311 
„9686327 


500 


400 


een n 


See Polymath program P6-14-f.pol. 
145 
0.92 


0.69 


0 100 — 200 , 300 40 500 


P6-14 (g) 


. dF, T 
The only change from part (e) is: ——— = ry — —— 


where Ут = 500 dm? and Еро = 20 mol/min Ч 
See Polymath program P6-14-g.pol. 
12 
1.0 
0.7 


0.5 


0.2 


0.0 ET 


0 100 — 29, 300 40 50 6 100 200 ., 300 400 _ 500 
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(а) Enter the given program into POLYMATH. Equations for the concentrations 
must be added. 


The following maximums can be seen in the graph given. (More exact values can 
be found in the corresponding table in POLYMATH ) 
Ce 


Cm: 


с 0.0434 and C,,,, 0.0033 


Equations: Initial value 
d(£c) /а (у) sk1*(fa/ft)*(£b/£t) ** (1/2) -K3*(£c/£t) «*kA* (£w/£t 0 
)*(£d/£t) 
d(£a)/d(v)z-kl*(tfa/ft)]*(fb/£t)**(1/2)-k2* (fa/f£t)**2 9,83 
.91 


d(£b) ла (м) z-k1/2*(fa/ft)*(fb/£t) **(1/2) 

(Ёа) /G(v) #k3* (£c/Zt) -kd* (£w/Ztc) * (£d/£t) 

(fd) fd(v) =k2/2* (Ба ft) **2-ka* (t£d/£c) * (Ewit) 

d(Ze)/d(v) =k3* (Ға/Ғес) 

d(£g) /d(v) «каз (£w/£c) У (£d/£c) 
k1z0.04 


ft=fa+fbtic+id+feriwtig 


4 
9 
Е Ё 9 
9 
0 


к2ш0.007 ban 5.893 
k3=0. 014 pe 
К4=0.45 255 
vo= 100 Я 
ссоз0.147 27% 
cascto*(fa/ft) гай 1 
ср=сбо* (fb/ Ес) || 
ceacto* (ЕС/ ЕО) 3.000 | 1 ptm 
cádscto*(fd/ft) 9,008 5.200 0. эрй У 4.800 2.900 1 000» 
cescto*(fe/ft) ОН бә) Ze Sw, Cg ws. ч 
cwzcto*(£w/£t) "o : 
cgzcto*(fg/ft) nee 322 26 P 
Voor Re. Me 371000 “ы ыа Ps | 
цайг 7 d 
265.98 „7. 24 


P6-15 (b) 
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p 


(b) Overall yieldof HCOOH: Y, = ——£ — 


Selectivity of HCHO to CO: S g = 4 


Add these equations to the previous program and use it to generate the desired plots, 


ХЭН 19 Үс ма. 22 tl 5% жз, 52 


ERRIO че 


i 
i 1 
9.890 Y те | 800 -- ES 
i m 2 | 
| ша т | 
2.500 нь шанд 4.030 4 
H 
т ізі 
сос т 4.908 d, 
| | 
- 4 
| | ~ 
9.255 in 2.000 +h Бы 
i i 
i 1 
2.008 ы ы ры аала, 4 
% i- - а А 0.0006 ——— —— 
0.398 9.535 0.555 4.588 0.618 сен BASS 9,525 0.589 
Tete Тог 
. Us So. жз. 02 ; © 
жыз ы то ор lu ње 
Н p 
ыш И N " # 
EN зор - у 
| РА 
veh + 
азса + 8.008 + 
1 i Pa 
| | - 
6.49 4. +2 h Pd 
| | „“ 
H | ae" 
| p E 
2858 ГҮ" 
ог 
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(с) Modify the original POLYMATH program by adding y to each of the 
concentration terms. Also add the following equation: 


@=0002 Е. =15 
The graphs of concentration down the reactor are very similar to those generated 
in part (a). The only major difference is that with the change in pressure, the 
maximum reactor volume is significantly smaller. 
Equations: initial value 
d(£c)/d(v)ski*(fa/ft)*(fb/ft)**(1/2)*v-k3*(fc/ft)*yekA* (f 0 
w/ft)*(£d/fc)*y 


à(£a)/d(v)s-kl*(fa/ft)*(fb/ft)**(1/2)*y-k2*(fa/ft)**2*y | 10 
d(£b) /d(v) «-k1/2* (£a/ft) * (£n/£t) ** (1/2) *y S 
а( Ем) /d(v) #k3* (£c/£t) *y-k4* (£w/£t) У (£d/ft) ty 0 
d(£d) /dtv) =k2/2* (кај бе) **2*y-kA* (fw/ Et) * (£d/£t) *y 0 
а(Ее) /d(v) =k3" (£c/£t) *y 0 
4(ка) /dtv)eka* (fw/ ЕС) * (£d/ft) *y 0 
aly) /d(v) =-0.002/2/у* (£c/£to) 1 


№2=0.007 

КІіз0.04 
ftsfacfbeforfdefertfwefg 
k3=0.014 цах 
k4=0.45 2 
voziüü сай 
Есоз18 


Concentration profile with pressure change 


2,280 


аралы ысы 
РА 
7 


canta fvo 2.042 
cbsfb/vo 
cosfcívo 
cdzfd/vo 


SUO еа. 


сега о 0.590 120,200 240.006 260.006 4ag.000 826.11 


см бн о 


cgz£g/vo 
iet Concentration profile with pressure change 


a 
нас уушигны. 


245.008 460.000 


»8ü 208 anc.zc 


P6-15 (d) 
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P MM ÀÓ—M— 


(efa 17 


it 4 


Substitute this equation in for all of the k values. Vary T and find out what 
temperature maximizes the yield of C. 
The best temperature at which to run the reactor is 523 К or 230°C. 


P6-16 (a) 
(а) 
dF, dF, dF 
Mole Balances: = =r, =, Аар, ear 
dv * Cav "ову ^ чу C 
Rate Laws: ге =k, Ce -К,Се tp = k Ce ~ КС, ЖКС 
r, ak Ce tK Cp КСА EC ty = С, 
Ере. Е, 
Stoichiometry: С=С цэ Сыз C Ir „ =2„|-=-| Сор Сы m 
F, E. E Е, 


Е, =F, +F, +F, +, 


Use these equations in POLYMATH to generate a plot of the flow rates vs. Т. 


KEY. 

15,200 

fe 

Ер 

Ға 122: 

Жо 
8.325 04- 
425% 
5-255 

P6-16 (b) 


(b Fora CSTR 


Mole Balances: Е =Е,+к\У  F-nV Fo=r,V¥V Брзо 
Rate Laws: te ek, Ce KC, tp = K Co - КС, tk C, 


пик Се ЕС -k,C, КС, to = КС, 
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А 


Stoichiomery: F.=v,C. F,=v,C, БЕС, 
Combine : КС) =0= Сс Су, + {ky +К, Сет 


КС) =0=С, -( Се - KC, + К.С, Х 


КС) =0=С, - К Се - k,C, -k,C, - C, Xr 


f(C,)u 0s C, "КС, 


Use these equations in POLYMATH to generate values for the flow rates at different 


values of t. Use these values to generate the desired curve. 


Equations: 

Flec)sce-eco+{(KL+k2) “са” tau 

E (ср) scp~ (ki*ce-k3*ep+k4*ca} сам 
£(ca)zsca-(Xl*cc-k3*cp-kd*ca-k5*ca) *tau 


E (со) =co-kS*ca*tau 


econ? 
K1z0.12 
к2=0.046 
k3=0.02 Чагїарї6 
К4-0.034 a 
ср 
уүош1 0 са 
k520.04 co 
Vs3000 en a 
Ескуозсс у к? 
fp=va*cp k3 
faevo*ca k^ 
fosvo*co Ын 
E 
tausV/vo U 
fe 
fia 
ға 
Ёс 
там 


(b) Flow rates vs. t 


скы ннн н ннн Арин нр у жо 


Q.211711 
0.0063:3865 
2. 0760638 


0.12 
0.046 
C.02 
0.034 

ю 

0.04 
3600 
0.393701 
2.11711 
0.0633865 
0.750538 
зай 


0 50 100 150 200 250 300 39 
t (min) 


P6-16 (c) Individualized solution 
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== а 


P6-17 Individualized solution 


P6-18 (a) 


Blood coagulation living example 


See Polymath program P6-18.pol 


OLYMATH Results 
Example CD Solved Problems - Blood Coagulation 08-25-2005, Rev5.1.233 


Calculated values of the DEQ variables 


Variable 
Е 

TF 

VII 

TPVII 
VIIa 
TFVIIa 
Xa 

IIa 

X 
TFVIIaX 
TFVIIaXa 
IX 
ТЕУІТатх 
ІХа 

ІІ 

VIII 
VIIIa 
IXaVIIIa 
IXaVIIIaX 
VIIIaiL 
VIIIa2 

V 

Va 

XaVa 
XaVall 
mila 

TFPI 
XaTFPI 
TFVIIaXaT 
АТІІІ 
XaATIII 
mIIaATIII 
ІХаАТІТІ 
TFVIIIaAT 
IIaATIII 
ki 


0 


2. 
1 
0 
1 
0 
0 
0 
1 
0 
0 
9 
0 
0 
1 
7 
0 
0 
0 
0 
0 
2 
0 
0 
0 


0 
2 
0 
0 
3 
0 
0 
0 
0 
0 
3 
0. 
2. 
0 
4 
1 
2 
2 
1 
6 
2 
1 
1. 
2. 


БЕ-11 


.0Е-08 


.0Е-10 


.6Е-07 


.0Е-08 


.4E-06 
.0E-10 


.0E-08 


.5E-09 


.4Е-06 


0 


8. 
.513E-10 


3 


соо › © со ҥ с о о со со МЮ оу О со о о оҥ о о оҥ о 


МЮ кә ҥн МЮ буҥ М М к & © М о о о о ооо мюоом 


24Е-14 


.0Е-10 


.426Е-07 


.994Е-08 


-41E-24 
.024Е-28 


.55E-52 


.938E-26 
.77Е-25 
.094Е-09 


.001Е-06 


initial value minimal value maximal value 


2 
1.0E-08 
2.027Е-11 
9.724Е-09 
3.361Е-13 
1.481Е-09 
2.487Е-07 
1.6Е-07 
1.869Е-13 
5.673E-14 
9.0E-08 
7.2Е-14 
3.579Е-11 
1.4Е-06 
7.0Е-10 
5.352Е-10 
2.988Е-12 
5.372Е-12 
6.585Е-10 
6.585Е-10 
2.0Е-08 
1.943E-08 
1.492Е-08 
2.281Е-10 
3.788Е-07 
2.5E-09 
3.867E-10 
1.881E-11 
.4E-06 
.073E-10 
.247E-07 
.301E-11 
.354E-14 
.734E-07 
.2Е+06 
.0031 
.3Е+07 
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final value 


.71Е-12 
.724Е-09 
.665Е-13 
.481Е-09 
.846Е-09 
.426Е-07 
.423Е-14 
.608E-14 
.994Е-08 
.568Е-14 
.579Е-11 
.05Е-25 
.026Е-38 
.366Е-11 
.873E-12 
.995E-12 
.585E-10 
.585E-10 
.793Е-90 
.077Е-09 
.492Е-08 
.977Е-27 
.663E-25 
.094E-09 
.867E-10 
.881E-11 
.001E-06 
.073E-10 
.247Е-07 
.301E-11 
.354Е-14 
.734Е-07 
.2Е-06 
"0031 
.3Е+07 
.0031 


----ұ---------- 


k15 
k16 
k17 
k18 
ki9 
k20 
k21 
k22 
k23 
k24 
k25 
k26 
k27 
k28 
k29 
k30 
k31 
k32 
k33 
k34 
k35 
k36 
k37 
k38 
k39 
k40 
к41 
к42 
r1 

r2 

r3 

r4 

r5 

r6 

r7 

r8 

r9 

r10 
111 
112 
r13 
r14 
#15 
r16 
r17 
r18 
к19 
r20 
r21 
r22 
r23 
r24 
r25 
r26 
r27 
r28 
r29 
r30 
r31 
r32 
r33 
r34 
r35 
r36 
r37 
r38 
r39 


! І 
оомосососососсосоонососососососососсососсоос 


.6Е-29 
.831Е-28 


.108Е-52 


.763E-24 
.056E-24 
.5E-24 

.733E-25 


.248E-26 
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Pam Q9 МЮ qd» PS DO ~] ҥе М QO Юю DO QO От О оо > ОЛМЕН н сл 


.042E-15 
.923E-16 
.444E-11 
.073E-11 
.318E-12 
.962Е-13 
.121Е-12 
.381Е-15 
.078Е-12 
.024Е-13 
.728E-13 
.296E-13 
.883E-13 
.159Е-11 
.674Е-14 
.494Е-14 
.406E-11 
.372E-15 
.405E-11 
.211E-12 
.527Е-15 
.372Е-15 
.312Е-10 
.999Е-09 
.974Е-09 
.764E-08 
.35E-08 

.449E-08 
.132E-09 
.762E-12 
.372Е-13 
.492Е-14 
.065Е-15 
.19Е-15 

.387Е-12 
.708Е-09 


BPPWNHRPENAIDEADANNFPUONEP UD Og» FS EPP н> OY OO ҥе |» UI (л СО (л кә ANUP о о 


.189E-16 
.696Е-17 
.953Е-12 
.602Е-14 
.971Е-13 
.896Е-14 
.083E-13 
.381E-15 
.982Е-13 
.506Е-13 
.609E-14 
.456E-14 
.511E-30 
.231E-40 
.217E-14 
.439E-14 
.106E-11 
.006E-15 
.105E-11 
.044Е-13 
.527Е-15 
.006E-15 
.152Е-91 
.999Е-09 
.974Е-09 
.12Е-25 

.105E-24 
.81E-25 

.062Е-26 
.762Е-12 
.372Е-13 
.762Е-14 
.065Е-15 
.19Е-15 

.387Е-12 
.499Е-27 


r40 
ү41 
r42 


Total 


ооо о 


0 
0 
0 
0 


ODE Report (STIFF) 


Differential equations as entered by the user 


[34] 


Explici 


[1] 
(21 
131 
41 
[5] 
[6 
[7] 
8] 
[9] 


d(TF)/d(t) = r2-r1-r3+r4 
d(Vil)/d(t) = r2-ri-r6-r7-r5 
d(TFVII)/d(t) = r1-12 
d(Vila)/d(t) = -r3+r4+r5+r6+r7 


3 ,502Е-14 
4.224E-09 
1.78Е-16 

5.749E-07 


d(TFVila)/d(t) = r3-r4«r9-r8-r11--012-113 014-142-1037 4015 
«Хауай) = 11+712+722-727+728-733+734-738 


d(lla)/d(t) = г16+732-741 
d(X)/d(t) = -r8+r9-r20+r21+r25 
d(TFVilaX)/d(t) = r8-r9-r10 


d(TFVilaXa)/d(t) = r10+r11-r12-r35+r36 


d(IX)/d(t) = r14-r13 
d(TFVIIalX)/d(t) = r13-r14-r15 
айХауа() = г15-г18+г19-ҥг25-г40 
d(Il)/d(t) = r30-r29-r16 

а(УШУа() = -r17 

d(Villayd(t) = r17-r18+r19-r23+r24 


d(iXaVilla)/d(t) = -г20+г21+г22+г18-г19 


d(IXaVItlaX)/d(t) = r20-r21-r22-r25 
d(Vitla1L)/d(t) = r23-r24--r25 
d(Villa2)/d(t) = г23+725-724 
d(V)/d(t) = -r26 

d(Vayd(t) = г26-227-428 
d(XaVa)/d(t) = r27-r28-r29+r30+r31 
d(XaVall)/d(t) = r29-r30-r31 
d(mila)/d(t) = r31-r32-r39 


| d(TFPI)/d(t) = г34-733-135+736 


d(XaTFPI)/d(t)  r33-r34-r37 
d(TFVIlaXaTFPI)/d(t) = 35-36-4137 
С(АТШУ40) = -r38-r39-r40-r41-r42 
d(XaATIII/d(t) = r38 
d(mllaATIII)/d(t) = r39 
d(IXaATIII)/d(t) = r40 


] d(TFVIIIaATIII)/d(t) = r42 


d(laATINi)/d(t) = r41 


it equations as entered by the user 
k1 = 3.2e6 

k2 = 3.1e-3 

k3 = 2.3e7 

k4 = 3.1e-3 

КБ = 4.425 

кб = 1.3e7 

k7 = 2.324 

КВ = 2.5e7 

К9 = 1.05 


] К10-6 


k11 = 2.2е7 


1 ki2=19 


k13 = 1.0e7 
ki4=2.4 
k15=1.8 
k16 = 7.5e3 


3 40E-13 
| ТЕУПа 


- ТРУПАХ 
2.728513] | трупаха 


" ТЕУПАТГХ 


2.04Е-13 
136Е-13 | 


6.80К-14 | 


0.000 0007 13893 27786 41679 55572 
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3.502Е-14 
2.704Е-11 
7.705Е-17 
1.903E-09 


694.64 


——— 


язы 
3 


г“ 


+ = m r Ч 
оо о о (Л (л Ci (л (л (л (л 
о b) F5 OW 0 AIO 

—а 3: 


[64] 


k17 = 2e7 
k18 = 1.0e7 
k19 = 5e-3 


1 К20 = 1е8 


k21 = 1e-3 
К22 = 8.2 


1 k23 = бе-3 
1 k24 = 2.2e4 


К25 = 1e-3 
К26 = 2e7 
К27 = 4е8 


1 К28 = 0.2 
1 k29 = 1е8 


k30 = 103 


1 k31 = 63.5 
1 КЗ2 = 1.5e7 


k33 = 9e5 

k34 = 3.6e-4 

k35 = 3.2e8 

k36 = 1.1e-4 

k37 = 5e7 

k38 = 1.5e3 

k39 = 7.1e3 

k40 = 4.9e2 

k41 = 7.1e3 

k42 = 2.3e2 

r1 = k1*TF'VII 

r2 = k2*TFVII 

ІЗ = k3*TF*Vila 
r4=k4*TFVila 

r5 = k5*TFVila'VII 
r6 = k6*Xa'VII 

r7 = k7*lla* VII 

r8 = k8*TFVIla*X 

r9 = k9*TFVIIaX 

r10 = k10* TFVilaX 
r11 = К11*ТЕМНа*Ха 
12 = k12*TFVilaxa 
r13 = k13*TFVIla*IX 
r14 =k14*TFVIlalx 
r15 = k15*TFVilalx 
r16 = k16*Xa"ll 

r17 = k17*lla* VIII 
r18 = k18*IXa*Villa 
r19 = k19*IXaVilla 
r20 = К20*|Ха\Ша*Х 
r21 = К21ЧХамШах 
r22 = К22*|Ха\/Шах 
r23 = k23*Villa 

r24 = k24*VillaiL*Villa2 
125 = k25*IXaVillax 
126 = k26*lla*V 


1 127 = k27*Xa*Va 


128 = k28*XaVa 

r29 = k29*XaVai ll 
130 = k30*XaVali 

ІЗІ = k31*XaVall 

r32 = k32*mlla*XaVa 
133 = k33*Xa*TFPI 
r34 = k34*XaTFPI 
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[77] 135 = k35*TFVilaXa*TFPI 
[78] 136 =k36*TFVIlaXaTFPI 
[79] 137 = КЗ7*ТЕ\УПа*ХаТЕР! 
[80] 138 = КЗ8*Ха*АТШ 

[81] r39 =k39*mila*ATIll 

[82] r40 = К4О*Ха*АТИ 

[83] 141 = К41*На*АТШ 

[84] r42 = К42*ТЕУПа* АТИ 
[85] Total = lla--1.2*mlla 


— 


P6-18 (b) No solution will be given 


P6-19 
(1) С.Н. + 1/20, жез С,Н,О (2) ОН, + 30, — 2СО» + 2H30 
Е + 120 > D Е +30 > 20, + 20, 
Е, =0.82Fy = 0.007626 
P6-19 (а) 
ЭР Fp 
Selectivity of D over CO, s=— 
Ел 
See Polymath program P6-19-a.pol. 
POLYMATH Results 
Variable initial value minimal value maximal value final value 
W 0 0 2 2 
Fe 5.58E-04 1.752E-10 5.58E-04 1.752Е-10 
Fo 0.001116 4.066Е-05 0.001116 4.066Е-05 
ға 0 0 2.395Е-04 2.395Е-04 
Ful 1.0E-07 1.0Е-07 6.372Е-04 6.372Е-04 
Fu2 0 0 6.371Е-04 6.371Е-04 
Finert 0.007626 0.007626 0.007626 0.007626 
Ft 0.0093001 0.0091804 0.0093001 0.0091804 
КІ 6.5 6.5 6.5 6.5 
K2 4.33 4.33 4.33 4.33 
Pto 2 2 2 2 
Pe 0.1199987 3.817Е-08 0.1199987 3.817Е-08 
Po 0.2399974 0.008858 0.2399974 0.008858 
k1 0.15 0.15 0.15 0.15 
k2 0.088 0.088 0.088 0.088 
X 0 0 0.9999997 0.9999997 
5 0 0 0.4101512 0.3758225 
rle -0.0024829 -0.0024829 -3.692Е-10 -3.692Е-10 
ү2е -0.0029803 -0.0029803 -8.136Е-10 -8.136Е-10 


Differential equations as entered by the user 
[1] d(Fe)/d(W) = rle+r2e 
[2] d(Fo)/d(W) = 1/2*r1e + 3*r2e 
ІЗІ d(Fd)/d(W) =-rle 
141 d(Fut)/d(W) = -2*r2e 
[5] d(Fu2)/d(W) = -2*r2e 


Explicit equations as entered by the user 
[1] Finert = 0.007626 
[2] Еі = Fe+Fo+Fd+Fu1+Fu2+Finert 
[3] К1=6.5 
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[4] K2=4.33 

[5] Pto=2 

[6] Pe=Pto*Fe/Ft 

[7] Po = (Pto*Fo/Ft) 

[8] k120.15 

[9] К2 = 0.088 

[10] X=1 - Fe/0.000558 

[11] $ = Fd/Fu1 

[12] пе = -К1*Ре*Ро^0.58/(1+К1*Ре)^2 
[13] r2e = -К2*Ре*Ро^0.3/(1+К2*Ре)^2 


Х = 0.999 and 5 = 0.376(mol of ethylene oxide)/(mole of carbon dioxide) 


P6-19 (b) 
Changes in equation from part (a): 
dF, 1 
у ^5 hg ш and F,(0)=0 


0.12x0.0093 _ 0.001116 mol 


x W 2 kgs 
From Polymath program: X = 0.71 
S = 0.04 (mol of ethylene oxide)/(mole of carbon dioxide) 
See Polymath program P6-19-b.pol 


P6-19 (c) 
Changes in equation from part (a): 
F 
E =g ФР Ы Қы and F; (о)- 0 
R = 0.06 x 0.0093 _ 0.000558 mol 
e =o вени 


W 2 kg.s 


From Polymath program: X = 0.96 
$ = 0.41 (mol of ethylene oxide)/(mole of carbon dioxide) 
See Polymath program P6-19-c pol 


P6-19 (d) No solution will be given. 


P6-20 
Solved on web 


Go to http://www. wits.ac.za/fac/engineering/procmat/ARHomepage/frame.htm 


P6-21 (a) 
Isothermal gas phase reaction in a membrane reactor packed with catalyst. 
| САС 
АЄЭВ+С с-ш | c, BEE 
Ке 
АЭР БИЕ Л ОН 
2C+D> 2E ne 0265 
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P 24.6atm 
(ust ст 2020-10-08 
КТ (0.082dm айт! mol.K) (500K) 


See Polymath program P6-21-a.pol 


= 0.6mol / dm? 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


М 0 0 100 100 

Ға 10 0.349438 10 0.349438 
Fb 0 0 3.2375418 0.4443151 
Ес 0 0 4.9873025 4.8617029 
ға 0 0 2.7304877 2.7304877 
Fe 0 0 1.3722476 1.3722476 
y 1 0.3404952 1 0.3404952 
k2d 0.4 0.4 0.4 0.4 

Kic 0.2 0.2 0.2 0.2 

Ft 10 9.7581913 13.220737 9.7581913 
Cto 0.6 0.6 0.6 0.6 

Cb 0 0 0.1403618 0.0093022 
Ca 0.6 0.0073158 0.6 0.0073158 
са 0 0 0.1019635 0.0571654 
Сс 0 0 0.2117037 0.1017844 
kb 1 1 1 1 

kic 2 2 2 2 

rad 0.24 0.0029263 0.24 0.0029263 
k3e 5 5 5 5 

ric 1.2 0.0051635 1.2 0.0051635 
ra -1.44 -1.44 -0.0080898 -0.0080898 
r3e 0 0 0.0216828 0.0029612 
га 0.24 0.0014457 0.24 0.0014457 
rb 1.2 0.0051635 1.2 0.0051635 
re 1.2 -0.0042625 1.2 0.0022023 
те 0 0 0.0216828 0.0029612 
Се 0 0 0.0398819 0.0287293 
alfa 0.008 0.008 0.008 0.008 

Fto 10 10 10 10 


ОПЕ Report (RKF45) 


Differential equations as entered by the user 
111 d(Fa)/d(W) = га 
[2] d(Fb)/d(W) = rb-(kb*Cb) 
[3] d(Fe)/d(W) = rc 
[4] d(Fd)/d(W) = rd 
[5] d(Feyd(W) = ге 
[6] d(y)/d(W) = -alfa*Ft/(2*Fto*y) 


Explicit equations as entered by the user 
[1] k2d=0.4 

[2] Кіс-0.2 

[3] Ft=Fa+Fb+Fo+Fd+Fe[4j Cto = 0.6 

[5] Cb = Cto*(Fb/Ft)*y 

[6] Са = Cto*(Fa/Ft)*y 

[7] Са = Cto*(Fd/Ft)*y 

[8] Cc = Cto*(Fe/Ft)*y 

[9] kb=1 

[10] Кіс-2 

[11] r2d=k2d*Ca 

[12] КЗе=5 

[13] ric = kic*(Ca-(Cb*Cc/Kic)) 

[14] ra=-rie-r2d 
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Ее 


[15] где = k3e*(Cc^2)'Cd 
[16] rd = r2d-(r3e/2) 
[17] ШФ-гіс 
[18] rez гіс-гЗе 
[19] re- r3e 
[20] Ce=Cto*(Fe/Ft)*y 
[21] alfa = 0.008 
[22] Ног= 10 
P6-21 (b) 


The interesting concentrations here are species C and D, both of which go through a maximum. Species C 
goes through a maximum for two reasons: (1) it is an intermediate product which is formed and then 
consumed, and (2) there is pressure drop along the length of the reactor and as pressure drops, so does 
concentration. 


The concentration of species D goes through a maximum because of reason (2) above. Species D is formed 
but then the pressure drops, which causes the concentration to fall. 


P6-21 (c) Individualized Solution 


P6-22 (a) What factors influence the amplitude and frequency of the oscillation reaction? 
Ans: k and the initial conditions 


P6-22 (b) Oscillations eventually cease because the C4 is decreasing and becomes the limiting factor. 


P6-22 (ac) Observation 1: тү апа т; decreased 
Observation 2: tp; increased 
Observation 3: Тр; decreased 


Now, 7i zi То and 7, =—In ye 
€ \ Д € (4h 
2л 2л 


2. |4-2К,)%,1-%8К, 
E=—, Щз = —— == 


From observation 2 and 3, we get 
Decreasing TM and increasing нә => Ky = (КиК) will increase 
Also, from observation 1, = increased => Кук; should be increased 


Now, POA k= ko .......(1) 
АЭ В k=ky...... (2) 
A+2B > 3B k=k,...... 3) 
BOC К-Ю)........(4) 


Hence the reaction (1) and (2) аге more temperature sensitive than reaction (4) 


P6-22 (d) Individualized solution 
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P6-23 Individualized solution 


CDP6-24 
0 Сав -Ugo Ca tra W = 0 ra = -ki Са = Кз CA 
-Ug Са + rg = 0 ta =k, Ca - Ka Св 
tc = ky Са 
лю Cc +тс W «0 
| ip = k3 Ca 
"9 Cp +тр W = 0 
18.89 
NEM ыы 
— 
p 
8.82 
KEY: 
} 7 са 8.88. 
2 - cb 
Ы сет 
+ 7 са 4.84 
E 1 
EON 
— —S! 
8.88. ЖН ees Soi ay | 
4.88 6.88 8.898 18.88 
ы 
CDP6-25 (а) 
РЕК: 
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sein 


Мою balance: ~ = Ty 


К сї шш Ty 

ат 
ас. 
ease. mU ry 

dt 
асм, 

= Їм 

dt У 
dC, 
menu Cy 

ат 
dica 
MÀ Шир Tg 

ат 

эээ 
Rate laws тм = КС Си 
-ч 423 
га па“ КСхСи Tp 
Ty = Ty КС СИ 
„б {709$ 
Dy, Sty +К.СхСк + 


МИРЕ T 
tp =K,C,Cy ~ tp 
ek cco 


Сш = 0.021 
Се = 0.0105 
t= .5 


Plugging those into POLYMATH gets the following: 
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= ин 


CSTR: 
Mole balance: 


Е; = (r+ тут) х 
Fue = ( Tite T Duet fise JV 
Fy = ба 


Rate Law: 
а. «9,5 + 
Tha Ft = ш kK, Cy C, 


Я шы p Шы S em 
"бр 97h = Tap = fa. = k,Cy Су 


Эг” = 0.5 
“Ky = Ir = Тур = Ge = КУС Cy 
Stoichiometry: 


F, = УС; 
Fue = МоСме = Yo (Се ~C a) 
Fy = ма = Val (Cy 7 Ca) Ox 7 с, 


Combining all of these: 
Се - Си = (КСС +k, CHC, ЕСС? 
i «Cu =k CU Cut 
= (KCH Cu = KCC) 
= (KC, C Төлей; 
i = Са“ Cy 


Съ = (Cus = Сы) 7 Cx Cy 
The following is the POLYMATH program and the summary table showing all of 
me concent ations. 


" } *сац 
- 
ficm)scm-cmos«ki*ch^.S*cnttau Solution 
f(cx)s(Kl*ch^.S*cm-k2*ch^.S*cox)t*tau-cx Yar able Че лэн 
S(ct)s(k2*én^.S*cx-x3*cz"ch^.S)"cau-et zm 0.00776519 2.393е-15 
Bias Gort cm 0.00301658 1, 4636-14 
И сх 0.00312462 2.79e-14 
Kis55,.2 сл 0.00288611 -1,4888-14 
k2210.2 спо 0.021 
K3211.2 E poe 
x к2 30.2 

taus ml «3 11.2 
спол,0220% tau 0.51 
ежеден сто 0.0105 
ЕЕ сме 0.013238 

VM, сы 60.001 34254 
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The conversion of Hydrogen and Mesitylene are then: 
Cig Ey 0 021 — 0.0078 


Xa = с ш ив 0.63 
й C uo 0.021 
$ utu сг сын - 0.0030 _ 5, 
; one 0. 0 105 
Са = 0.0078 Ib шог См = 0.0030 Ib тој 
C; = 0.0029 Їр mol/ft C = 0.013 Ib тои" 


CDP6-25 (b) 


Сұ = 0.0032 Ib той" 
C = 0.0014 Ib mol/ft 


When 0M is reduced to 1.5, it now takes a t of 0.24 h to achieve a maximum of xylene. Increasing 0M to 10 


now requires a т of only 0.08 h 


CDP6-25 (c) 


To find out the reactor schemes needed, use the attainable region to get these graphs 


Using a РЕК would maximize С,. If we used a ratio of mesitvlene to hydrogen of 
10, then we would only have to have a t of .08 hours. So our voulme of the reactor 


would be only 38, Vs ft’. So our entering concentraions would be 0105 Ib тас Ий” 


of Hydrogen and 105 Ib mol/fe of Mesitylene. 


CDP6-25 (d) 


First find the proportionality constants of the rate constants using the 


Arrhenius equation. 
k = ће «НИЕТІ 


55 3 шт ДА, в” ИИ Вт ЗАЗ 
5 A 


A, 9,72 x 10* 


«4 МЖХИЙ 19837833 A 


е 
һа 
E 
ze 
4, 


Ay = 5 8 хі“ 


Once Шаг is бая by tial and error come up with the temperature where 5 


and the answer is then 862K or 1551,69“В, 
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c 
XT 7 Pun 


qM ——— 


Equations: 

diem} /d(t)zrm 

dich) /d(c)srzh 

dicx) /d(c) szx 

dicme) /d(t) =rme 
d(ct)/d(z)zrt 

dich) /d(t)=rb 
rmz-55.2*cm*ch^.5 
rbzll.2*ct*ch^.S 
rxs-rm-i0.2*cx*ch^.5 
rtz30.2*cx*ch^.5-rb 
rhzsrm-30.2*cx*ch^.5-rb 
rmez-rm-30.2*cx*ch^.S«rb 


550, Ces 0.51 
Variable Initial value 
t 9 

cm 0.0105 

ch 0.021 

cx а 

сте 9 

z Q 

cb Q 

rm -0.083992 
rb с 

хх 0.083992 
et Q 

rh -0.083992 
rme 0.083992 


жеш 2:85 
2222 
- cm 
» ch 
e; CX 1.508 
- спе 
1.907 
236% 
3.356 
бае $999 
KEY. 
cto 
cb 
эт 
3.309 


214 


Maximum value Minimum value Final value 


0.51 
0.0105 
0.021 
0.00506614 
0.0171815 
0.00477233 
0.00130452 
-0.00238715 
0.00352127 
6,083292 
2.0146868 
-0.0126384 
0.083992 


0 
‚000699836 
„00381847 


0 
9 
0 
0 
9 
o 


-0.083992 

0 
-0.00523484 
9 

-0.083992 
0.9126384 


The maximum concentration of xylene occurs at t = 0.19 h. 
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0.51 

0.000599835 

0.00381847 
.00372332 
.0171815 


Q 

о 
-0.00477233 

9 


.00130452 
-0.00238715 
0,00330288 
-0.0045612 
0.09364547 
-0.0126384 
0.0126384 


2.388 


value 


CDP6-26 (a) 


Start with the mole balances: 


dE, dE, dF, ЇЕ, 

- = шиг — TED I = g ty A ZI 9 
adv ау ау ау 

dF, : dF, ЧЕ, 

== ep — um ——— ED. 

qv ^ ду uy m 


no = KEC C o a m 

ЕСО eoo 

век 6, ЕС, 

гу K CRG ~ k EIC 

i =k СС, 

га СС, +k CAC, +k, Cu, Желе К.С, 


Finally ,the stoichiometry: 

Fe См, 
Putting all of those together and put it into POLYMATH and get the following 
program and answers. 


d(c11)/d(V) = г1/уо Ф с11(0)-0.137 
d(c9)/d(V) = (-r2+r3)/vo # с9(0)-0 
d(ci0)/d(V) = (-rl1+r2)/vo # с10(0)=0 
d(c8)/d(V) = (-r3+r4)/vo # с8(0)-0 
d(c7)/d(V) = (-r4+r5)/vo # с7(0)-0 
d(c6)/d(V) = -r5/vo # с6(0)-0 
d(ch)/d(V) = (xl«r2*r3*r44r5)/vo # ch(0)=0.389 
S90 = с9/ (с10+с8+с7+с6+0. 0000001) # 

S87 = c8/(c7+0.0000001) # 

S89 = c8/(c9+0.0000001) # 

$9102 c9/(c10+0.0000001) # 

kil = k5*17.6 # k2 = k5*10 

КЗ = k5*4.4 # КА = k5*2.7 

vo = 1 # k5 = 2.1 

ri = -К1*СЛ^0.5*с11 4 

r2 = -k2*ch^0.5*c10 4 

r3 = -k3*ch^0.5*c9 # 

r4 = -k4*ch^0.5*c8 4 

r5 = -k5*ch^0.5*c7 0% 

X = 1-с11/с110 Ф cllo = 0.1 

У(0)=0 # V(£)=0.8 
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0.00 0.08 0.16 024 0.32 040 048 058 0.64 072 0. 
м 


The ratio of hydrogen to pentamethylbenzene is 2.83 and the volume is 0.8 m’. 
Polymath solution 


CDP6-26 (b) 

The polymath program is the same as the first, we see that the value of c11(0)=0.092 and ch(o)=0.434 and 

the ratio now becomes 4.8 to 1 and the volume increase to 6.8 m? to maximize Sg9. To maximize Sg; it 

follows that the volume would be smaller because earlier the reaction ends the less C is formed. 
67.0 
60.3 
53.6 
46.9 
40.2 
33.5 
26.8 
201 
13.4 
6.7 
0.0 


0.00 0.67 1.38 2.02 2.70 3.37 4.05 4.72 5.40 6.07 6.74 
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ECWUALLSInS: 

SOMA Gabe 
£i£hsi-rzh)*V-fha-£n 
Ее = yafe 
Sifca)bczca*V-£ca 
valoda 


Ећо=10009 


Phosi400 

R=@ 409 

РраВро%.8 

you? .4leT/Pboo 
Phefh*8.309*403;vo 
үшЕс/ (Еро~ ӨЗ 
Poee£c*8.309*T/vo 
Phos tho R" T/ чо 


ros-[klKi*Pb*s?h".5]/[(i«Kl*Bbl 


саг" ЕЗ"Эс”РгЫ/(16КА“Рс! 


rhzirb]-k2*K2*Pc*Ph/[l-X2*Bzc) 
rcu-(rb)Xk2*E2*PO*Ph/(leXz^*pc) 


fe 8232.08 
fca 852.18: 
Uu 1000 
"о 19000 
ір 4320 
Fea 220 

k 1 2.7 

Га! 0.2264 
к? 0.07 

K2 0.04 

i 403 

Ppa 1400 

2 8.308 
Pho B40 

ма {2214.3 
ры 12.3391 
ы 2.898365 
Әс 1601.3 


.B25o-17 Оно 
1.842ә-12 е 
2.842e-14 "са 
enm 
re 


The highest yield occurs at pressures: Рао = 1400 kPa 


Рио = 1945.2 kPa 
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Vari able — 


Value 


1945,2 
9.087126 
С.952181 
-9.93644 
8.23208 


p He 


CDP6-28 
(а) 
Mole Balances: 


Rate Laws: 
“ha = к(С,сі = Сек) 
Ба, = k,(C,C, ын СЕСК) 


“he = Се 


Stoichiometry : 


ТЕ VT 
С.» с. 1 5.1 э.) 
1 “Тө E T ) 
Съ = Ча. 
RT, i 
Use these equations in POLYMATH. Vary P, and T, to find the optimal | 
conditions. We determine these to be: | 
T,=3158K  P,«ló0atm Ус 10040 
casCto"(fZa/Zz]*(To/7] | 
ebeCto*(fb/ fe) + (тое) 


Equations: Initial value ccsCto*(£c/fz)*iTo/T) Б 
diZe)/d(v)s-r2a 8 


ed=Cto"(Fd/tti* (Tart) 


dí(Zo)/divies2*rla-r2a^r3c 14 cesCror(fa/ft)*(To/T) 


а (ба) /divisrlaez2a 5 zics-kl*oc 
84(40)/4(ч)8-т144236 G Elas-Ki*i(ca"cb^2-cc/X1) 
8124) аи) seria 8 х4аАзч-Х2"(сатсй-сеглк2) 
Stila) /divisz2a 4 


мм. = D, ee қ 
N 9 "E = 200 


а+Евеистиде бакс 


£ 
Tos315.8 


Poslóü 

Тато 

із 933*expt((2.5* (31400/1.987* (2/330-1/T)0))) 
EKLs131887*(0.00198*T)^2*6xXD5:30820/1.987*(1/1-1/298]] 
k2-2.83878xp(18000/1.387*(1/390-1/)) 


X22103343*ex0(9834/1.987*(01/T-1/298)) 
EKis.244*exp(1.5*289856/1.987*(1/32$-1/T)) 


CtozPo/i(i.082*To) 
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Variable 


Y 


rh rh rh 
соя 


th 


1н 
x3 8 


14206 


“ЧЕ 3.99 o 


Maximum value Minimum value 


9 
0.323891 
1.23373 


-0.0440299 
22.933295 


хо ut 
с 


Ын 
мз 
4» 
84 
ы; 
Ал 


-0 
-0.00215647 
2.0004318-05 


280 200 


© 


өз 


0.184792 


0.0010827 


27.4837 


40781.5 


5.17866 
0. 9415214 
2.88337 
9 
0.000235582 
1.23373 
-2.008962389 
-0.0440298 
-2.93305 
fj 
um 29 
Е 40 
80 
80 
190 
120 
1.40 
i5 
7 205 at 180 
200 


жетек екен 


С 

lx 

иу 

fo t 
1 

өз 

~ 


том > 
= D 
oo 2 
p 
La 
m 


3.153258 
000992815 
.24593 
-0.00527084 
-0.04215647 


4.000436-03 
Methanol Synthesis 


ь єз 


роднит, 


‚44820445 
„68510233 
‚82334782 
„8304273 

‚99829749 
.89276842 
.85543262 
.80470085 
„74550073 
„6853495 


б о б о б uc i б о б ом 


(b) Use the same POL МАТН program as above and vary the ratio of entering 
reactants. The optimal ratio would Бе: 


& hydrogen gas, їу carbon monoxide, and 4 carbon dioxide 


These results are sirnilar to those in part (a) in that the optimal volume is still 
100 dm’, and the concentration profile is very similar in shape. The primary 
difference is that the Fo values are more than doubled. 
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Mechanol Synthesis 
Equations: 
diva) /&(V) =rla+r2a 
AED) /4(У) z2*rla-r2a-ràic 
A( Po) /A(V) 2-riaerzic 
З(Бер/а (У) z-z2a 
(ға) /@{V) =-r3c 
А(ға) /d(V) «z2a 

eeFat+Pb+Ferld+Pertg 
То-315.8 


Ро=150 
ТеТо 
Sethanal Synthesis 
3008 т 
| И 
ен тй 
-Fc | 
ias | 
T | 
Lee | 
| 
0.08 ———— a re cem 
1X0 40.222 ва CoG іс 


—— 
156.055 тос 


кі5.933чехр((2.8%(31400/1.987“(1/330-1/7)))) 
К1=131567" (0.00198°Т) ^2*ехр (30620/1.387* (1/1-1/298)) 
k2=0.636*exp(18000/1.987*(1/300-1/T) } 
X22103943*exp(9834/1.987* (1/1-1/298)) 
X320.244"€x5(1.5*28958/1.587*(1/325-1/7)) 


СсосРО/(.082"То) 
CazCto* (Fa/Fz)*(To/T) 
CiosCto* (Fb/Ft) = (To/T) 
CGzCto* (Fe/Ft} * (T0/T) 
CdzCto*(Fd/zz)*(To/T) 
CezxCto*(Fe/Fc)*(To/T) 
r3cz-k3*Cc 
rlazs-k1*(Ca*Cb^2-Cc/X1) 
х2а=-к2 * (Ca*Cd-Ce*Cb/K2) 


Уул 0. Ve = 200 


Variable 
v 
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Methanol Synknesis 


Xaftial value 


ороогоод 
іл 


o 


315 8 

163 

315 3 

9 00428571 
2791 12 

2 88122 
42161 5 

9 9343893 
6 17886 

1 $4754 
3.295328 

6 

9 

1.23372 
-4 
-0.075478 


Maximum value 


о + 
о 
o 


16 

2 6815 

6 

4 99756 

0 000590833 
30 

2.5 8 

169 

318.8 
9.00428571 
2791.12 

2 38122 
40781 5 
0343899 
17865 
„64754 
23528 
724195 
000154781 
59251 


мноо AO 


-0 
-9.0116408 


Initial value 


ооо 0 


Miniaum value 


94105 
88733 


a 
3.99341 
9 


9 

21 3995 
318 | 

160 

315.8 
0.00428571 
2791 12 
2.83122 
407G2.5 

2 0343899 
$ 17866 
0.547917 
2 22653 

9 

9 

у 22873 
-0 424312 
-0.076878 


Final value 
200 

1 94105 
7.83138 

2 95199 
5.99941 

4 00756 

9 000530238 
2. 8835 

315 à 

160 

315.8 

0 00428572 
2781.12 

2 88122 
40761.5 

0 0241399 

$ 17853 

0 547917 

2 226358 

0 82921: 

$ 00015474. 
і 5935. 
-2.2199.93 
-0.0115408 


ree 


Methanol Synthesis 


vo "i ____ 
9 9 

20 1.2448558 
40 2.0129151 
50 2.4405221 
89 2 5385715 
104 2.680932 
129 2.6292203 
149 2.5193559 
180 2.376513 
239 2.2171668 
200 2.0519865 


CDP6-29 No solution will be given 


CDP6-A 
a) A+ B-9 C+D 
C+BoE+D | 
First, find т. To do this use the original design equation for a CSTR: 
y= Р.Х 
“1, 
Then since Е = C,,v, and т = V/v, then the design equation becomes: 
C хал 
ema 


Using the rate law and stoichiometry we find: 
~, = См =X) 
Combining all these and solving for t when X = 3, C,, = -l and К, = 412 
B ж 
КБ Сља—Х) .412*.1*.7 
Once that has been calculated, redo all the mole balances: 
Cao C, mE 


^t 


Сао“ Cg = 17 
Ce Fit 


Cp = pt 


R 


Then do the rate laws: 


5 = КС, +. Сс 
= КС, - КС 
ry =k Cy + КСС 
Te = Се 


Combining and rearranging into a function: 
f(C,)80s C, -Ca t СТ 


f(C,) 4 05 C, Cpo + (KC, + ОЕ 


f(C,)=0= (кс, - К.С) Со 
КС) о = (КС, + k,Cc)t С, 
ҢС.)-0-%,Сст-Сь 


Plug those into POLYMATH: 


5-Е Solution 
Equations: Variable — Value m 
салса Санан ай са 000045 03128848 
f(cb)scb-cbo-(kl*ca«k2*cc)*tau | б 0.108382 4.023е-П 
f(cc)z(kl*ca-k2*cc)*tau-cc CC 0.02837% 38.1728-13 
Ё (са) = (к1*са-+к2*сс} *tau-cd cd 0.0316184 — -3.405e-13 
f(cae)zsk2*cc*tau-ce ce 0.00162291 1.57Че-11 
сао=.1 сао 61 

kl=.412 kl 0,412 

tau=1.04 tau 1.04 

cho=.14 che 044 

К2ш.055 k? 0,055 


C, = .028 need Foy = 10 
Vy = 2 ын 2 = 357gal/h 
Сс 028 


V = тур = 1.04 *357 = 371 3gal 


b)No solution will be given. 


Batch reactor: yao = 1 
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(а) к = 00156! , t= 1.5 шіп = 905 
А >В Ta =k, Ca 
Nao SS = -ra V 


Cao SE = ki Са = Кү Cao (1-X) 


СА. ски = e001X90) = 0,41 


Cao 

(b A->B rg =a k Ca Ky 
БЫС” шог х, 
Sash але X3 


-rp = -rpg tic + tp = - ky СА + kz Св + Кз Св 
E = -kı Cag eit + (хз + 3) Cg 
ха = 40.01)(0.2) el + (0.003 + 0.002) Св 


Св 


de = -0.002 [1 - «9914 + 0.005 Cg 


Using a Runge-Kutra Gill numerical solution, we find that, for t = 2 min = 120 $. Св = 


0.136 gmol/dm?. 


т 


а ; 1 5 
(с) SEC ie e ks Св ; Te = k2 Св > SEL 
а 


From the solution in part (b), we have values of Cg at intervals as small as 5 sec, so we can 
use Simpson's rule to obtain Ce: 


t= 1 min = 60 sec. 
Cc = 0.003 (2) (0 + 4 (0.0449) + 2(0.0782) + 4(0.102) + 0.1183] 


Сс = 0.0129 gmol/dm? 
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је 


t= 2 min = 120 sec 


Cc = 0.003 (20) (0 + 4 (0.0782) + 2(0.1183) + 40.134) + 0.1355] 


Сс = 0.0366 gmol/dr? 


020 € 
5.18 = 
016 * СА 
> са 
iod \ primena з. cc 
0.12 x ^-o. 
тю см. dm. 0.10 | Ч EN са 
~ 
2.08 / E ‚лы 
вэ У 
9:06 / E: и iag 
0.04 e” 4 E 
902 m 4 не “УРА 
осо ga + 
0 40 30 120 160 200 24 280 5320 
Time (5) 
The concentration of B is highest at t 2 100 sec, where its value is 0.1363 gmol/dm? 
(е) Balance on А: Balance on В: 
Fao- Ба trav 20 Рво - Ев *rgV = 0 | 
V Сло -v СА - ki САУ =0 -V Св + (kı CA - kz Cg - ка Cg) V =0 | 
Cao- CA-kiCA1 50 -Св + К: CA t- k; Ca t- ky Свт =0 | 
Cao - СА (1 +k, <) «0 Св (l+k,t+k3t) =k) t CA | 
Sasal Ca = ВЯ + ket + ks t) | 
Cao (1 +k, т) kit | 
| 
| 
| 
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Cà. a + кт + ky ing 


Са l*k Cag kit 
С kit 
Cu Ci t kit) (I + kzt + Куч) 
155) 10 59 100 150 200 300 500 
Св/АСло 0.08 0.26 0.33 0.34 0.33 0.3 0.23 


Св max occurs atf = 150A 


tae Ces (20 da] (150 a) шіп. } = 50 do? nin 


CDP6-C 


First, find the values for k. 
k, 2 2989в(:19-874.001987“ 00) = 1 4 


orm 


k, = 94666 - 15:1 /(001987•700)) z 8 


k, = 1] ақы 15.067 0019874 9700) — = 22 
In this problem obun ens = | 
Methacrolein = M 
СО, = р 
СО-С 
Oxygen = О 
The mole balances for these species are as follows: 
FoF = (- “үр 77 By -ы)У 
E, = n4V 
Fo 27734 
Fe = pV 


Oxygen is in excess so we will assume that БЕ, 
The rate laws for these reactions are as follows: 
чи he = пу = ЕСС 
-4g _ 1 
au E = 4 эр = KC Соо 
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MÀ 


Абе _ | 
Е SEDES i ва ОССо 
Combine all of these and come up with the following: 


Cy 7 C, = (KCC + С Cog + СС 


C C 25 Een 
-00 7 Со = (Ki Ci Ca, f EO p ОС Со) 


Cy = ЕС Сат 
Cy =4*К,С Сат 


Co = 4* k C Сыт 
Before plugging into POLYMATH, evaluate i о 
for converte h uate the parameters and derive equations 
2 
С. = p. E E, 
ТЭГ 08157002 


Ср =УлоС: = .1*.034 = 0.0034 
Со = 0.031 
xX, = СС, 


m 


Then plug into POLYMATH to get the following: 
Equations: 
f(ici)sci-cioe(klil"ci*coo«kK2*ci*coosk3J*ci*coo) "tau 
£(cm) ч«Кізсізсоочсашест 
É£(cd)zA*"k2*ci*coo*tau-ed 
£(cc)zá"ci*coo"tau-cc 
flco)z-co-coo«(ki*ci*coo-25/4*k2*ci*coo*17/2*k1*ci*Coo)*cau 
Giose.0034 
Kki1z1.2 
ссош.031 
X2-.18 
k3=,22 
Causl 
Хітса/сіо 

=. 2S*cd/scio 
x-(cio-ci)/ci 
zUbuxeXxlxx 
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№ 
< 
в Ж 
вэ 
13 
Я 


initia 
0.001 
9.091 
9.004 
0.004 
9.01 


ы 


пор 


сі 


CDP6-D 
А-»В 


Se@iutian 


Хи = 0.25 


~ alus € Ре 2 
0.00227273 -1.299ө»-12 
8.900845435 1.011ө-12 


0.000507273 -1.4 p=] 
С.0028:818 3.833e-123 
0.0033 

1.2 

0.031 

0.18 

0.22 

10 

0.248643 

9.0322985 

0.496 

0.21003? 


X, = 0.037 


X, 2 0.21 


CDHE 


„те АС; = l0sec™ 
тої 


„по бб, = 0.032705. 


Я? sec 


Ет = 10 Ibmol/sec 


4222-05 


II = 7.614 10° 


Сы =т= 
19 0.73*900 
луз =13140 


See POLYMATH solution below 


Equations: 
dt£a) /d(V) sra 
ad( fe) /d(V)src 
d( fb) (У) з-га 
а(#а) /à(V) sere 
dt£e) /d(Viz-rc 
k1zlü0 

k22.03 


6-77 


£ftsfarfcr£berde£e 
Као=5 
ctoz5/1(900*.73) 
Ебо=10 

хсч-Кк2 

x= (fao~fa)/fao 
avo-fto/cto 
cascto*(fa/ft) 


хаш-Қізса 

Variable 101 181 value Maximum value Minimum value Final value 
у 9 105 о 105 

fa 5 5 2.49621 2.49621 

fe 5 5 1.85 1.85 

Eb 9 2.5037 0 2.50379 

ға 9 3.45 9 3.15 

£e 9 3.15 9 3.45 

ki 10 19 19 10 

к2 0.93 0.03 0.93 0,03 

fk i0 13.15 10 13.18 

tao 5 5 5 5 

cto 0.00761035 0.00761035 0.00761035 0, 00761035 
fto 10 10 10 10 

xc -0.03 “0.03 -0,03 «0.03 

x Q 0.300758 0 0.500758 
avo 1314 1314 1314 1314 

са 0.00380518 0.00380518 0,00144484 9,00144454 


CDP6-E 


a) Using the equation for the equilibrium constants: 


~ Ж X ~ 
Nn СС 
g: ч се 2J 
CO ec. 


We can come up with the equations for Са, Cp, and Cx. 
» = СеСо 
Б К el C, 
* K el С, С, 
C p Fes. 
Cc 
‚ _ qm om 
Ју BE 
Су 
The rest can be found with stoichiometry. 


Cy = Cx 
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POLYMATH 


5-5 a 8-3 a 
Equations: 


Solution 
f(ca)sca-cc*cd/(Ri*cb) 


Var: able Value ғо 
Pisa) Med илд са 0.0306182 3.049e-19 


Е {ах} scx-K2*cc*eb/oy 


Kls4 са 0,108652 -1.084ө-18 
"- ex 0.214386 -1.108e-1& 
425 Ki 4 
сүшсх қ? 1 
nozi.5 : Е 
rii Е су 2.714386 7 
сао=1.5 b 1.5 
соспсао-са-сх : 5 " 5 
хэ(с8о-са)р/сао 25 0.254895 
cbscbo-cd-cy T 0.978588 
cb 0.575951 


C, =0.0306 
C, «071 


С, = 0.68 
C, =0Л1 


We also find that X = 0,98 


b) With the new equation we must find the new equilibrium equations. 


C ЖЕ eme " T 
әр inset a өөн, 


Equations: 


ficz)set-ki*ca*cx Mar table Че 0 он 
BlcylYecy-k2*cco*cb/cx cx 0.380725 1.032е-13 
ее UM cy 1.07384 1.144е-12 
о: cd 0.258101 -2.607e-15 
E35 cx 0.0831135 
ах=су-ст cao 1.5 
ха»1.51 eS id 
NM CE Т 300 
Klee. Gd sdz 0.270611 
сао=1.5 выш 1.08388 
Ccbosi.5 k3 43.4285 
вата сщ нэг ОБСТА 
к? 0.480271 
Bye d cb 0.15806 
CGaccao-cd-cz кі 8.25888 
eb=cho-ed-cy x 0.839212 
сшсесаоеса-сх юэ = с 
зах 19.1959 


захи сс/сх 
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We find that 


C, =0.65 Cy =0.91 С, =0.37 С, -027 
С, =0.48 C, =0.22 Ce =0,76 

X =0.68 

5 2.8 Spz = 0.57 Sy, =141 


с) When the temperature is raised from 300 K to 500 K, Scx goes down, Spz goes 
up and Syz goes up. 
d) First find the proportionality constants from the Arrhenius equation. 


0 002 zz A е 190907 987300} 
шин 1 

A, = 38603 

0.06 = eg) 

А, = 2.24 x 10" 

0.3шА “хэхэх! 987300} 
: 3 

A, = 2.16 x 10?! 


Once those are known, come up with equations for the equations in terms of 
space-time т, 
С, 


БЕС + RC; 
tk, + 1k, C, +h, C2 — С, + C, =0 
с he t+ y(t +1) ~ (me) - Cao) 
$ 2tk, 
„С -C 
t= сад я y=- B. Tue 5 | 
ch АС, СА - 
Сү: C= kC, C EE U. 
Use EXCEL solver in order to find the temperature that maximizes Cg 
T Ca 
312.5336841 0.016513937 
k1 2X 
0.003919233 0.039192325 
k2 Cb 
0.230891512 0.038129279 
k3 Cy 
2.260443602 0.006164458 


CDP6-F (a) 
Mole balances: 
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dFA/ ЧУ = -Ip-Ty 


dFp/dV = їр 

dFy/dV = 

Rate laws: 

ухан kı = 15 ft/Ibmol.s 

= ЕС, Ко = 0.015 57 

Stoichiometry: Ca = Cro(Fa/Fr), Е; = F4 + Fp + Fy 


Cost = 60F 3 — 15Ес -10F 40 
Using these equations in polymath to find the necessary volume to maximize Cost: 


V = 1425 ft’ 
POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 2000 2000 

fu 0 0 0.0237312 0.0237312 
fa 0.06705 0.0018652 0.06705 0.0018652 
fd 0 0 0.0414537 0.0414537 
k1 15 15 15 15 

k2 0.015 0.015 0.015 0.015 

fao 0.06705 0.06705 0.06705 0.06705 
ft 0.06705 0.06705 0.06705 0.06705 
cao 0.00447 0.00447 0.00447 0.00447 
ca 0.00447 1.243E-04 0.00447 1.243E-04 
Cost -0.6705 -0.6705 1.46684 1.4607519 
rd 2.997E-04 2.319Е-07 2.997Е-04 2.319Е-07 
ru 6.705E-05 1.865Е-06 6.705Е-05 1.865E-06 


ODE Report (RKF45) 


Differential equations as entered by the user 


{11 d(fuyd(V) = ru qs Efe er 
[2] d(fa)/d(V) = -ru-rd х доо шин 
(31 d(fd)d(V) = rd 24 Бе! 


Explicit equations as entered by the user “ 
[1] k1=15 in 
[2] k2 = 0.015 
[3] fao = 0.06705 2 
[4] ft = fu+fa+fd ” 

5] сао = 0.00447 m 
6] са = cao"(fa/ft) 
[7] Cost = (60*fd-15*fu-10*fao) А 
[8] гй=К1*(са^2) о 
91 ru=k2*ca 


Independent variable 

variable name : V 4% К-Т КЕНЕС” ин хийг шин и — "wem — жин шин” 
initial value : 0 М 

final value : 2000 


CDP6-F (b) 
Mole balances: 
РА = Едо + тАУ Ер ш rpV Fy = ruV 
Rate laws: t4 = -Ip - ty тр = kC? n, = КС, 
Е 4 
k, =k,, exp| — M ЭР Е =у,С, 
RAT 919.67 ! 


Cost = v,(60Fg - 15Ес -10Ело) 
Use these equations іп Polymath and vary T from 860° R to 1160? R and find maximum value of cost. 
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i 
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И 
! 
| 
| 
i 
i 


Cost steadily rises with temperature and reaches a maximum at 970 ? R(510.33 °F). 


POLYMATH Results 

NLES Solution 
Variable Value 
ca 0.0023213 
cd 0.0016225 
cu 5.262E-04 
cao 0.00447 
Е1 10000 
к 1.987 
T 970 
k20 0.015 
E2 2.0Е-04 
klo 15 
vo 15 
V 400 
tau 26.666667 
cost 0.6713603 
ki 11.292187 
k2 0.0085009 
rd 6.085E-05 
ru 1.973Е-05 
ra -8.058Е-05 


NLES Report (safenewt) 


Nonlinear equations 


[1] f(ca) = ca-cao-ra*tau = 0 


[2] f(cd) = cd-rd*tau = 0 
[3] Кси) = cu-ru*tau = 0 
Explicit equations 
[1] cao = 0.00447 


[2] E1=10000 
[3] R= 1.987 
(41 T2 970 
[5] К2о = 0.015 
[6] Е2 = 20000 
[7] klo=15 
[8] мо = 15 
[9] М = 400 


[10] tau = V/vo 
[11] cost = vo*(60*cd-15*cu-10*cao) 
[12] КЇ zklo*exp((E1/R)*(1/T-1/919.67)) 
[13] k2 = k20*exp((E2/R)*(1/T-1/919.67)) 
[14] rd = k{1*(ca^2) 

[15] ru=k2*ca 

[16] ra = -k1*(ca^2)-k2*ca 


CDP6-G 3 


f(x) 
5.354E-08 


-5.354Е-08 
-2.76Е-15 


Ini Guess 
0.00447 
0 
0 
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Rate Laws: 


Stoichiometry : 


пређе Ip BE + Г; 
pu САС „= wh Сасе 
{+ КС. 1+K,C, 
А wk оде 
n = УКС г 
КАСА, 


Са, = 0.54 kmol/dm? = 540 тойт? 


from Henry's Law : 


С, =5.9 MPa(0.038 kmol/m! · МРа)= 0.3422 mol/dm* 


Use these equations in the following POLYMATH program to generate graphs of С, Ср 


e 


Equations: 
d(ca)/d(£t)sra 
dí(cb) /d(t) «xb 
асс) а(х) 25е 
dicel /d(t)ere 
dic£) /dlejpert 
we 1.0 
Кіз0.000468 
Ка»22.75 
к2ш0.000227 
K420.001A47 
k3«0.00282 


riew*xi*coc 


C, and С, as a function of time. 


risw*kl*ca*cb/(l«Xa*ca) 


razw*k2*ca*cc/(l«Ka*ca) 


rásw*ká*ca*ce/(ls«Xa*cal 
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initial value 
0.3422 

540 

9 

9 

0 


P 


9 

0.3422 
540 

9 

9 

0 

10 
0,000488 
23.16 
9.000227 
0.00147 
0.00282 

9 
0.0984025 
9 

0 
-0,0984025 
9 

0 
-0,0984025 
0.0984025 


540 

0.311641 
0.136398 
5.37928e-05 
19 

0.000458 
22.76 
0,000227 
0.00147 
0.00282 
0.00878827 
0.0984025 
1.621e-08 
4.963636-06 
-2.31981е-19 
0.00878695 
2.07778е-0% 
-2.322086-19 
0.0984025 


Са, Сс, Ce ve. t 


c 
ca 
ch 
ec 
се 
СЕ 
м 
ki 
Ka 
х2 
ka 
k3 
r3 
жі 
x2 
x4 
rb 
re 
xt 
кс 
ЁС 
KEY 
2222 
-- са 
сс 
шан 
== $8 
ien 
ЕТТЕРІ 
олай. 
Зам: pot соз 
REY 
$43 
wes P 
4.400 
32.258 
ТЕГІ 
2.925 


юэ 
ез” 
jt 
eadeni en rennen irren 
8.359 12 000 16 308 
Ы 
СЕ vs. t 
| 
БОЛ 
+ |. 
1 
| / 
1 ] 
H H 
14 
cao Gee 8сс2000) 12 260 
ч 


9 .185176-20 
539.658 

0 

o 

9 

19 

9.000468 
22.76 
0.000227 
0.00147 
0.00282 

ü 
2.31981e-19 
9 

9 
-0.0984025 
a 

9 
-0.0984025 
-0.00834598 


BAG, Ld o 


| 
$33,362 À 


— Á— 


i 


1 
шин 
$99,000 | 

"dd 
523,720. 
— S33. eG Less 
30.208 6.00% 


9.18517 е-20 
539.658 
0.205875 
0.136398 
6.37928e-05 
10 

0.000458 
22.76 
0.000227 
0.00147 
0.00282 
0,00580002 
2.319816-19 
4.28838e-23 
1.84167е-22 
“2.219816 -19 
0.00580002 
2.27051е-22 
"2.32208е-19 
-0.00580002 


Cb vs. t 


6-84 


€——— 


The equilibrium constant for the reaction 
t-OL g cs-OL 


сап be estimated as a funcdon of temperature from the mole fraction data below 100°C. 


= Jes 
р Ух 
din Ky АНа 
«(ІЛУ R 
I 323 375 
Уш 8 TS 
Yes 2 253 
Kp 23 23 
in &p 139 -LIL | 2239 SOLID. ong ай = 2ER 
1000/T 3.09 2.68 3.09 ~ 2.68 R 
АН = -1.357 -AL 


CDP6-I 2, 9-17 


CDP6-K 2, 9-13 


CDP6-L 
Given: Liquid feed to CSTR 


Gaseous D 


Liquid Peed 


Сад = 0.4 gmoll 
Cra = 0.4 шой 
So = 2 min 


У = 1201 
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With the following reaction sequence 


ky 
A зн C Mp ki СА ky = 0.01 mins! 
2 . 
E 24 B «у = Ко СА ко = 0.02 min! 
3 
B -> C =з = Ку Са k3 = 0.07 mimi 


Ke 
Е В+РГ а= ky =0.50 Vgmol - min 


Ез ky 
(а) Since Ci 5 m gad product, formed pom intermediate B by either A = В Э Сог 


Е-В-ртТ ai С, or directly from А — C, the maximum сопсепшацоп of C occurs 
when all A and Е have been converted to С: Crax = То + Ceo, (with Е = 0). 

(b) Both A and F are only decomposed by the above scheme: 

Balance оп А: tg Cag- vo Сл = (АЈ V = (зар + 12) V = (ky + kg) САУ 


Cap C 
TAGE SA э (ki + Кај У. = (Ку + а) 


or Ca Sa PT 0.4 gmol /1 220,4 gmol/l 
Lek, + Ка) < 1+ (0.01 + 0.02) mia" [ДГ] 1 + (0.03) (60) 
Ca = 0.143 gmoi /1 


Balance on F: ug Cro- ug Cg ={-гЕ) У = ka CE V 
ka t СЕ + Са Ceo 50 where т = © 60 min 
0 


Solving we get: Cp = O.1gmol/l 
Balance [ог В: 0-у,С,-(-ғУУ = (БС, - k,C, * kK,C;)V 


(6С, + EC Т. _ (0.01шіп ' x 0.143 gmol / 1 + 0.51. mol ! тіп”! 0.1gmol /1*)60 min 


С. = 
Ы 1+ т 1+ 0.07 min 60 min 


С, = 0.0907 gmol /! 
BalaneforC: | 0—v,C, = (-7)V = – КС, - KC,)V 
C, = (KC, + kC, Xr = (0.07 min !x0.0907gmol/1 + 0.01min !x0.143gmol/ 1)60 min 
Сс = 0.467 gmol / 1 
С; _ 0.467 0.467 


Mole fraction of C = -—————————— = — = === = 0.583 
C,+C,+C.+C, 0.143+0.09 + 0.467+0.1 0.8 
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CDP6-M 
ДА +5B>4C+6D 


2A +1.5В У E+3D 
2C +B 2F 
ДА + 6C > 5E + 6D 


Rate laws: 


-ra = ПА + ОА + (2/3)rac 


-rc = -fia + 213в + Тас 
-Tg = -0.5тҙА = (5/6)r4c 


Nat КӘДЕ 
а = С.С 
hz = Е.С, 


XN 2/3 
– пе = hy OC, 


"fp = 1.25 +0. 


"T5124 + ТЗВ 


-Ip = -1.511Д == 1.5т2А — f4C 


-ГЕ = -2r 3B 


Using these equations inpolymath to find the exiting molar flow rates. 


POLYMATH Results 


NLES Report (safenewt) 
Nonlinear equations 
[1] Кса) = vo*ca-fao-ra*W = 0 
(21 f(cb) = vo*cb-fbo-rb*W = 0 

[3] f(cc) = vo*cc-re*W = 0 

4] f(cd) = vo*cd-rd*W = 0 

[5] Ксе) = vo*ce-re*W = 0 

61 Кс!) = vo*cf-rf*W = 0 

Explicit equations 

[1] vo=10 

fao = 10 

W=3 

fbo = 10 

rho = 0.0012 


12] fc = мо*сс 

[13] fd = мо*са 

141 fe=vo*ce 

15] ff=vo*cf 

[16] r1 =rho*k1*ca*(cb’2) 
[17] r2 = rho*k2*ca*cb 

[18] r3 =rho*k3*cb*(cc’2) 
[19] r4 = rho*k4*cc"(ca^(2/3)) 
[20] П-273 

[21] re =0.5*r2+(5/6)*r4 
[22] ra = -г1+г2-(2/3)*4 

[23] tb --1.25*r1-0.75"*12-r3 
241 гС = г1-2*3-г4 

[25] rd = 1.5*r1+1.5*r2+r4 


NLES Solution 

Variable Value fix} 

ca 0.998927 -1.056E-15 1 
ch 0.997227 1.082Е-15 1 
ec 0.0017849 -1.422Е-16 0 
са 0.0037612 -1.041Е-16 0 
се 3.613E-04 -1.735E-18 ü 
ct 1.285Е-12 1.254E-13 Ü 
vo 10 

fao 10 

ы 3 

fbo 10 

rho 0.0012 

ki 5 

k2 2 

k3 10 

k4 5 

fa 9.98927 

fb 9.9722697 

fc 0.0178487 

fd 0.0376119 

fe 0.0036129 

ff 1.285E-11 

кі 0.0059604 

ra 0.0023908 

r3 3.812Е-08 

r4 1.07Е-05 

rf 7.625Е-08 

re 0.0012043 

ra -0.0035767 

th -0.0092436 

re 0.0059496 

га 0.0125374 
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Ini Guess 


Е, | 3.610? 
Е,-Е, 10-9.989 

F, 2.29х107 
Е,-Е, 10-9.973 

Fe 210008. ice 
F,-F, 10-9.989 


ы) Yar = = 0.336 


pue = 8.25х10% 


Улс = 


CDP6-N 3, 6-21 


CDP6-O 3, 6-25 
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Solutions for Chapter 7 — Reaction Mechanisms, 


Pathways, Bioreactions and Bioreactors 


P7-1 (a) Example 7-1 


The graph of I/I will remain same if CS; concentration changes. If concentration of M increases the slope 


of line will decrease. 


P7-1 (b) Example 7-2 


For t = 0 to t= 0.35 sec, PSSH is not valid as steady state not reached. 
And at low temperature PSSH results show greatest disparity. 


See Polymath program P7-1-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 

Variable initial value minimal value maximal value final value 
t 0 0 12 12 

C1 0:1 2.109Е-04 0.1 2.109Е-04 
C2 0 0 1.311Е-09 1.311Е-09 
C6 0 0 3.602Е-09 3.602Е-09 
с4 0 0 2.665E-07 1.276E-08 
с? 0 0 0.0979179 0.0979179 
C3 0 0 0.0012475 0.0012475 
C5 0 0 0.0979179 0.0979179 
са 0 0 6.237E-04 6.237Е-04 
CP5 0 0 0.0979123 0.0979123 
СР1 0.1 2.166Е-04 0.1 2.166Е-04 
k5 3.98Е+09 3.98Е+09 3.98Е+09 3.98Е+09 
T 1000 1000 1000 1000 

кі 0.0014964 0.0014964 0.0014964 0.0014964 
k2 2.283E+06 2.283Е+06 2.283Е-06 2.283Е-06 
k4 9,53Е-08 9.53Е-08 9.53Е-08 9.53E+08 
k3 5.71Е+04 5.71Е+04 5.71Е-04 5.71E+04 
ODE Report (STIFF) 

Differential equations as entered by the user 1069 

[1] d(C1)/d(t) = -k1*C1-k2*C1*C2-k4*C1*C6 

[2] d(C2)/d(t) = 2*k1*C1-k2*C1*C2 32e-9 

[3] d(C6)/d(t) = K3*CA-k4*C6*C1 

[4] d(C4)/d(t) = k2*C1*C2-k3*C4+k4*C6*C1- 
k5*C4^2 2.4е-9 

[51 d(C7)/d(t) = k4*C1*C6 

[6] d(C3)/d(t) = k2*C1*C2 1/669 

[7] d(C5)/d(t) = k3*C4 | pc 

[8] d(C8)/d(t) = 0.5*k5*C442 

[9] d(CP5)/d(t) = k3*(2*k1/k5)^0.5*CP1^0.5 8.0e-10 

[10] d(CP1)/d(t) = -k1*CP1-2*k1*CP1- tence 
(K3*(2*k1/k5)^0.5)*(CP1^0.5) éd 


Р7-1 (с) Example 7-3 
The inhibitor shows competitive inhibition. 


See Polymath program P7-1-c.pol. 


0.0 24 
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48 212. - 


0.40 


0.32 


20 80е-3 9.063 1.0е-2 


5.0е-3 6.0е-3  7.0e- mS 


P7-1 (d) Example 7-4 
1)Now Сше = 0.001mol/dm? and t = 10 min = 600 sec. 
ku I. X 


t=- 5) + rea 
Vyax IX Vmax 


У 3 
GO0sec ---00266то1/ dm 1 1 ) 0.00 1mol / dm? )X 


0.000266mol / s.dm? 1- X 0.000266mol / s.dm? 


Solving, we get X = 0.9974. 
2)ForCSTR, T =t = 461.7 зес 


T= Cun X. — Ире = Vmax Cus | 
“r, urea K M + C urea 
Co X 
E T urea NUT 
T 
0.000266mol / т? х0.1то1/ dm? (L- X) _ (0.1mol / dm’ )x. 
0.0266mol / dm? + 0.1mol / dm? (1 – X) 461.7 sec 


Solving, we get X = 0.675 


See Polymath program P7-1-c.pol. 


POLYMATH Results 
NLE Solution 


Variable Value f(x) . Ini Guess 


X 0.6751896 -8.062Е-10 0.5 


NLE Report (safenewt) 


Nonlinear equations 
[1] f(X) = 0.0000266*(1-X)/(0.026640.1*(1-X))-0.1*X/461.7 = 0 


3) For PFR, 


and C si C ei (l т х) 


urea 


7-2 


ky | 1 | Сы; X 
шз. dug p.e 
Vmax 1- X Vyax 


Same as batch reactor, but t replaced by 7 X208 


P7-1 (e) Example 7-5 
-АС, -(228.7-245) 


Yos =2.182/ 
SEU AG. 508244 $9 
1 1 
Y, —— = —— = 0.462 / g 
PIS You 18 
1 1 
Fog —= ——=1.878/8 


Үр: 0.075 +0.46 


Yes there is disparity as substrate is also used in maintenance. 


P7-1 (£) Example 7-6 


1) if we go for 24 hrs, fermentation will stop at 13.2 hrs as Cp = C. 
See Polymath program P7-1-f-1.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 13:2 

Сс 1 1 16.558613 
Cs 250 39.292786 250 

Cp 0 0 92.981376 
га 0.01 0.01 0.16559 
Ysc 12.5 12.5 12:5 

Ypc 5.6 5.6 5.6 

Ks 1.7 1.7 127 

m 0.03 0.03 0.03 

umax 0.33 0.33 0.33 

rsm 0.03 0.03 0.4967701 
kobs 0.33 0.0039386 0.33 

rg 0.3277712 0.0624825 2.1455962 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Co)/d(t) = rg-rd 
(21 d(Cs)/d(t) = Ysc*(-rg)-rsm 
(31 d(Cp)/d(t) = rg*Ypc 


Explicit equations as entered by the user 


[1] rd = Cc*0.01 
[2] Ysc = 1/0.08 
[3] Үрс- 5.6 
41 Ks=1.7 
[5] m=0.03 
[6] umax=0.33 
71 rsm = m*Cc 
[8] kobs = (umax'(1-Cp/93)^0.52) 
[9] rg =kobs*Cc*Cs/(Ks+Cs) 
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final value 


13.2 
16.550651 
39.292786 
92.981376 
0.1655065 
12.5 

.6 

23) 

.03 

.33 
.4965195 
.0039386 
.0624825 


OocoooOniu 


2)Semi-Batch reactor: 


See Polymath program P7-1-f-2.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


final value 


t 0 0 

Cc 1.0E-04 1.0Е-04 
Св 1.0Е-04 1.0Е-04 
Ср 0 0 

ка 1.0Е-06 1.0Е-06 
Yse 12.5 12.5 

Үрс 5.6 5.6 

Ks 1.7 1.7 

m 0.03 0.03 
umax 0.33 0.33 

rsm 3.0Е-06 3.0Е-06 
kobs 0.33 0.3294925 
rg 1.941Е-09 1.941Е-09 
Cso 5 5 

vo 0.5 0.5 

Vo i 1 

V 1 i 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Coyd(t) = rg-rd 
[2] d(Cs)/d(t) = vo*Cso/V + Ysc"(-rg)-rsm 
131 d(Cp)/d(t) = rg*Ype 


Explicit equations as entered by the user 
[1] rd = Сс*0.01 
[2] Ysc = 1/0.08 
131 Ypc = 5.6 
[4] Ksz 1.7 
[5] m= 0.03 
[6] чтах = 0.33 
[7] rsm=m*Cc 
[8] kobs = (umax*(1-Cp/93)40.52) 
[9] rg =kobs*Cc*Cs/(Ks+Cs) 
{10] Cso=5 
[11] vo=0.5 
1121 Уо-1 
[13] Ус Vo-vo'*t 
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24 
0.0474697 
12.206266 
0.2748298 
4.747E-04 
12.5 

.6 

27 

.03 

233 
.0014241. 
.33 
.0137289 


.5 


РОЛ ОООСОООСОНООЛ 


24 
0.0474697 
12.206266 
0.2748298 
4.747Е-04 
12.5 

.6 

.7 

.03 

2.33 
.0014241 
.3294925 
.0137289 


5 


LI ^Í|Bouooooonmpwu 


о 


0.24 


0.18 


у 0 : $$$ 
а ит 96 , 144 192 240 00 48 96 | 144 192 240 
0.52 

Cp СС; 
3)Changes from part(2) f, = Manx 1- a — M 
РА KC, 0 — 


See Polymath program P7-1-f-3.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 24 24 

сс 1.0Е-04 1.0Е-04 1.514Е-04 1.514Е-04 
Св 1.0Е-04 1.0Е-04 12.823709 12.823709 
Ср 0 0 4.669Е-04 4.669Е-04 
ка 1.0Е-06 1.0Е-06 1.514Е-06 1.514Е-06 
Үвс 12.5 12.5 12.5 12-5 

Үрс 5.6 5.6 5.6 5.6 

Ks 1.7 127 127 1:27 

m 0.03 0.03 0.03 0.03 

umax 0.33 0.33 0.33 0.33 

rsm 3.0Е-06 3.0Е-06 4.541Е-06 4.541Е-06 
kobs 0.33 0.3299991 0.33 0.3299991 
Кі 0.7 0.7 0.7 0.7 

Cso 5 5 5 5 

vo 0.5 0.5 0.5 0.5 

Vo 1 1 1 1 

V 1 1 13 13 

rg 1.941E-09 1.941E-09 8.215E-06 2.568E-06 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] «(Ссуай) = rg-rd 
[2] d(Cs)/d(t) = vo*Cso/V + Ysc*(-rg)-rsm 
[3] d(Cpyd(t) = rg*Ypc 


Explicit equations as entered by the user 

[1] rd = Cc*0.01 

[2] Yse = 1/0.08 

ІЗІ Урс = 5.6 

[4] Ksz1.7 

[5] mz 0.03 

[6] umax = 0.33 

[7] rsm = m*Cc 


00 48 96 . 144 192 240 
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ana 


[8] kobs = (umax*(1-Cp/93)*0.52) 

191 Ki=0.7 

[10] Cso=5 

[11] vo=0.5 

[12] Vo=1 

(131 V = Vo+vo*t 

[14] rg = kobs*Cc*Cs/(Ks+Cs+Cs^2/Ki) 


1.60е-4 
1.48е-4 
1.36e-4 
1.24e-4 


1.12e-4 


1.00е-4 —— 
etio — 48 — 96 . 144 192 240 


4) After 9.67 hrs, Cs = 0. 
300 --------------- 


240 


180 


P7-1 (g) Individualized solution 
P7-1 (h) Individualized solution 
P7-1 (i) Individualized solution 
P7-1 (j) Individualized solution 
P7-1 (k) Individualized solution 
P7-1 (1) Individualized solution 
P7-1 (m) Individualized solution 
P7-1 (n) Individualized solution 


5.0е-4 


4.0e-4 


3.06-4 


2.0e-4 


1.0e-4 


0.0е+0 


P7-2 Solution is in the decoding algorithm given with the modules. 
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24.0 


P7-3 
Burning: 


Ee. 
ЖАЗ 


05—920. 


Қы i | А 
с i pa ААА i УЫ 


байв 


MPH PAS ant 


ial 


then | 


MC 
: EGIT 


PACA 


: оз М проћи а 
+ 19127 


Edere мелік лен тел ir Pr t лене ne ems 


Toy 9 100, = ЮМСОНОН-| 


-fco = 4k1(O05) T 3k4(H )(O5) 


-rg = ks(COY(OH) – k4(H ХО) - ks(HCD(H) ~ ke(Cl (H) 


‘to. = 0 = K(HCD(H ) – ks(CD(H) 


ty, = Aki (03) + Xka (O3) - ks (HUH) | 


ty sae BUH} 
Constant Volume 


m 2 2 4 я 
нне: Е Cy bte 5 ааа!" —И-=а+ bCa: 


dt di 


Using the integrating factor 


лан ebt 


t=0 Cy =0 therefore Ki = - 


| Се [et] 


"өн АИ ДА hi 


If Ка (02) > ks (HCI) , then "b" is positive 


Си. 


iA etsi ари чинове не 


HE ks (HCl) > к: (Оз), then "b" is negative 


% 
i 
гіт 
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ü 
5 
a 
— 
О 
«d. 
" 
әд 
Е 
өтеле. 
күз 
кл 
_— 
о 
== 


Ер СО 


== а + eet ” 1| 
t=O Ceg= (Себе 


| 


|Ссоз Ссор-аҒ-р S- e*t ри 
i b* 
i 


р (С, ј= ЗА, (О, eu. 


p= 3k, (0,) 
а-4%(0,) 


Reaction Pathway with HCL 


Reaction Pathway w/o HCL. 


P7-3 (d) Individualized solution 
P7-3 (е) Individualized solution 


i ee seman 


The reaction sequence is: 
СНұ,СНО---%->СН,-%СНО- 
СН,-ыСН,СНО--%-ЭСН,-%СО--СН, 
CHO-4CH,CHO-—5— CH, -42CO + Н, 
2CH,—5- CA, 
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[ex] [5] на | [cos | 


Dn Ki САС 
r2 = ky Cac Ceu, 
тз = Кз Cero Cac 


si 
ta = ka Сён. 


RM 


ТАС = +15 +1) = ki Cac + Ка Cac Cony. + Ks Cac Ссно- 


= Сас [к + Ка Ссн, + ks Clo. j 


а) 
Active intermediates: CH; +, CHO- 
“TCH, = -T) фр -rg- rp lr =O 
274 i 
Е EET M^ 2 ЭР” 
= Сс ТЕ Се Сењ.“ КС сно-Сас is & C, Сењ +7 Сс, 
HK Сс +, Coy, T Ceno Cae + 5h С. (2) 
“СНО = Tp #13 = -ki Cac + Ку Сено. Cac = 0 
or = Сено. ш л 
: (3) 


Substituting (3) in (2) gives: 


C77 = ki Сас + Ki Ссно. Сас = Ki Сас ky Cac = 2k; Cac 


: k й | "e 
With "AE >> РагСас >> 1, ТАС &(CACPP as suggested by equation (7-2). 


CH3CHO _ 


Сон 
Р7-4 (d) Individualized solution 
P7-4 (e) Individualized solution 


P7-5 (a) 


Gas phase reaction 
МО + 0,—8->2/0, 


with third order kinetics and ап apparent negative activation energy. Consider the 
following mechanism, in which NO, is an active intermediate. 


моъ О Мо, n = 010,1-54А0,| 
МО, + NO—*-92NO, n == [МО] МО, | 
Ри 


мо = a =h 


= &[NOTO,] - &,[NO,]~£[NONO, | 


21121 


Е; Тур 797 &[NO] O,|+ (k., ~ Ky NODE + k, АМ. 0] 
-k ana To] |- 422112) T [o | 
ka * [NO] 
_ 2 [NOT [o;] 
БЕТЕГЕ 
К, >> k[NO} 
ue ын ІМОЦО,) 


For the overall activation energy to be negative, 
(Е +Е,)+Е = Еру <0 
=>Е.<(Е+Е,} 

As long as all energies are positive values. 

P7-5 (b) 
қ 

СІ, = 2С1 


hy 


5, 
Cl - CO z2 СОС! 


ke 


ks 
СОСІ--СІ,->СОСІ, + СІ 


гоа = ©= (CI) (CO) - k, (COCI) - k, (COC!) (Cl, ) 
(оос) ХС 
коо, = ks (COC!) (Cl) e 


ra = 0 =k, (Cl, )—k, (Cl) —k, (Cl)(CO) + k, (COCI) +k, (COCI)(CL,) 
add rcoci to Га! 


га Фра = 0+ 0= k, (Cl, )— k, (CD) 


2 Kk (cL) 


(Сї) E 


k, 05 k 3 
кь (co) (cu^ (es). кь (соусы 
2 2 


Тоо, 5 k +k (CL) ku +k, (CL) 


kik, 
r, =- 
сосі, 
kk, 
P7-5 (c) Individualized solution 
P7-5 (d) Individualized solution 


2 
2 


(co)(cL) 


P7-6 (a) 
К, 
МО; + ћу ->МО-О 
к, 
О, +О+М > О; +M 
K3 
Оз +NO — МО, + О; 
Using PSSH, 
1 
Е Осе ОСС zx dO ы 
К,С, СоСы Kk, C yo 
го, = 0 = К,С,, СоСь – КС, Ск > ие уг 
3C no зСко 


Р7-6 (b) 


7-12 


ас 


2 = К,С,, CoCy — К; Co, Сто — =—k, C yo, * KC, Сө 
ас, ас,, 
=k, C yo, -k, Co, С,, — =k, Co, Co С, * Со, Сю 

dt dt 
dC 
—°= К C yo К,С, СоСи 

dt 2 

P7-6 (с) 
корм 1 


| “ом к! (041 
Os. M and О; appear in the denominator, active species suggested is О. 
Applying rule 3 of table 7-1 to Ол and Ор: 
Oi + O 2 
Оз * ~ 50% 
Оз and M appear in the numerator. Applying rule 1 of Table 7-1 to Оз: О; > O3 + O 


If the second and third equations are combined, and M is added to each side of the 
equation: 


МО. id 2-0. ОМ 
О, O20, 

A mechanism is proposed which satisfies all the rules of thumb: 
n,-nt5ons-kIMYO | +&[0, ЈО ји] -5[0 О |= 
n-n-n-nsk[MYO,|- &[0, Jo JM ]- 61040, ]- 0 


[O ]« Kjo] | 


ко, jM] lO] 


20 


2 M 
Then го, = -kı [M] O] + ЕКЕМ OE | ea ор 


-ky ка (MP [O] [O7] + ку ko [МЕ [O3] ОД 21-25) k [M [Os 


Тол = 2. 
м — kilos] ME kyi {03} 


ud f be (048 


TE ” 
to = по With К = x and k! = 53 
{Onl (MI + ЕС <? к 


Р7-6 (а) Individualized solution 
P7-6 (е) Individualized solution 


P7-7(a) 


LOW TEMPERATURES - NO ANTIOXIDANT 


а = (АСАН) - ke [802 ЦЕН) 


d RO» 


ar ka[R-IO2] - kp, [ROz-] [RH] - ke [ROrF 


ЧЕЛ - дану] ка [R ОД + ke, [ВО [ЕН] 
RADICALS] _ 9 
PSSA dt 
2ko [1 
(A) = r = 0 111] = зан 
48] = 0 = к [ВН]: - кр [8-05 + ke [RO] [RH] 
T 
2ko [12] 
k [RH] 

1 = 2010) + к RO] [RHI |... minate ВО; 
[Re] ip 16.) : still need to eliminate ЁО»? 
4801] = 0 = kp, [R-J[O3]- ke, [ROz] [RH] - k [RO 
Substitute for [Re] : 

2ko [15] - k [ROV F = 0 
[RO] = 4/ Мы 


Now substitute the expressions for the radicals into ЧЕН 


the oil. 


ДЕН] _ , [2ko[I2]] эко (1-1 2 
$ 
[Р] 
2 М2 
2 хард ЖЫ (јез [RH] 


7-14 


(A) 


(B) 


(О 


(D) 


| the expression for the degradation of 


ODE to be solved- low temperatures, no antioxidant: 


4 ЧЕН} „ 


= 2ko[b] + [272 [RH] 


2K, залы” 


P7-7(b) 


Low temperatures with anti-oxidant 


3) ү. = k;[RH][I*] - kp, (R-1[O2] + kp, (RO; [RH] (same) 


У A dal = kai [AH][ROx] - kaz [АЛКО] 
вн = - ki [F][RH] - kp, [RO2] RH] 


Apply PSSH: 


15 _ < 2ko [15] 
dt Ін ^k ГЕН 


d'Ae] = 0 = [As] = Kat {AH} 


dt Ка? 

Rl. 12 2ко + kp, [RO] [RH] 

dt А kp, [O3] | 
RO» 22 , 

802) 20 2kofla]- k[ROx} - дка [AH] [RO>) 


л - К[КОзр- 2kai (AH][ROz] + 20 [5] = 0 
ki [ВОР + (2kai [АН] [Оз] - 2ko[I2] = 0 Quadradtic in (КОЈ) 


- 2kai [АН] + /(2КА1 [АН]? + 8k, ko [I2] 


[RO?] = 2k [RO2-] MUST be positive 


Now (FINALLY), let's substitute into 


d RH]. 
dt ` 


ЗЕН) = - k[I- [RH] - kp, [КО] [RH] 


- КА [AH] [RO2*] = - ka; [AH] 


2k, 


Akai ГАНІ? + 8k, ko [5] 


2k, 


ЧЕН] = -2ko[E] - kp, [RH] ХААН] + 


Р7-7(с) 
If the radicals are formed at a constant rate, then the differential equation for the concentration of the 
radicals becomes: 


a [1-] | 
—=<К, –К | 1 |КН |=0 

= =k -k [DR] 

k 

d [Is] = —2— 
ma Ud Тан 
The substitution in the differential equation for В: also changes. Now the equation is: 
а|К• 
AE реја], [fos] во, LRH] =0 

RO,» || RH 
and solving and substituting gives: [Re] = ko tkr [КО [ВН] 
Ка [0, | 


Now we have to look at the balance for КО». 
d [RO, “| | 2. 2 
Te = kp [Re] 0, | -kp [80 | [RH | -k |, | -0 
and if we substitute in our expression for [2] we get 


0=k, —K, | ю,| which we can solve for | ЁО, 1. 


Now we are ready to look at the equation for the motor oil. 
d|RH* 
ЧАН: L k [RH] -kn ко. ан) 


and making the necessary substitutions, the rate law for the degradation of the motor oil is: 


РН» Ч 
ae = пи = № EN 


dt 


1 


P7-7(d) 


Without antioxidants With antioxidants 


7-16 


- 2ka1 [AH] + V (2ka1 [АН] + 8k, Ко [12] 


d y 
кез rd 
4 S 
N 
% 


НЕ С Y 


тас Ме, 


P7-7 (e) Individualized solution 
P7-7 (f) Individualized solution 
P7-7 (g) Individualized solution 


P7-8 (a) | 


eins М ak | 
Н->1 п=к(Н] (Healthy person gers ill) | 


LHH -> 21 сз = ky [НИЙ (healthy person соппас: 


IM 


disease from ill person) 


K3 
IH : T 
r= k [R (Ш person gets well) 
Ka 
1-5 D ty = Ка [H ӨШ person dies) 
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= 


rp = ka [0 


Applying pseudo steady state hypothesis tol: rj = nr +m- 03 - fg 0 


or ky [HÀ + к НИНЦ-К3((-к4((-0 or а — ___ 


^o (Е + Ki) ЕЗІН 


еј тш Kik [H] | 
k3 + Ka - ko [H] 
P7-8 (b) 
р ka + 
at Н] = E the death rate becomes infinite. 


P7-8 (c) 
Ir is enlightening to calculate ry. 
TH = гето гу = -ki [H] - НИЦИ + ks [0 = кН] (k2 CH] к) 
-ky kaf H] 

Tuc Iren entente tie Е : 
н бую (р 77950 

This expression states that for every person who is ill and dies, a healthy person becomes ill. For 

the population as a whole, "illness is but a "way Station’ on the road to ванг,” Note further that 

TH < 0, and therefore the population will die off eventually. Initially, the death rate will be slow, 

until [H] -> (Кз + К4)/ ко. The model neglects the possibility of birth. In practice, it would appear 


to be useful in describing epidemic-like diseases, which occur over a short time so that the birth 
rate сап be neglected. 


P7-8 (d) 
See Polymath program P7-8-d.pol. 


1 сыш n 1.00E9 
8.0е+8 8.00Е8 
6.0e+8 6.00E8 
Ён) 
4.00+8 4.0088 
2.0е+8 20088 
обет бето 20619 40е39 6.0e+9 84е:9 1егій 04089 0080 20089 40080 60089 84089 1.00E10 


Everyone becomes ill rather quickly, and the rate at which an ill person recovers to a healthy person is much 
slower than the rate at which a healthy person becomes ill. Eventually everyone is ill and people start dying. 
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P7-8 (е) Individualized solution 
P7-8 (f) Individualized solution 


P7-9 (a) 


in| 936-8 =7.14kt+C 
(  C,-14 


| Finding k, T-40 


Usi 


| 


— 


ng the data at 40 F and 45 F the following graphs are made. || 


data 


—— 


from these: 22. 85107 C, = 1.1697 
k,, = 8. 26* 107 C, = I. 1883 
The activation сретну then is: 


У 15 
933: > | лав 

C,-14 
-Raga -10812025 
VT, – VT, 1 mol 

P7-9 (b) 
( -E 1 1 23] "nw 
энэн | | 8940 
б = ко (25 25 504 


Using interpolation, C = 1.18086 
Using the same equation used on the graphs we can solve for t when C, = 1.1 
tz 49 days. 


-Ё 1 1 : 
Lum INT ТТТ кта ied = 0023 
са Е 2 E a) 
С= 1211 
t= 2 days 
P7-9 (d) 


The data appears that it may fit the Monod equation for substrate consumption at the stationary phase. 


P7-9 (e) Individualized solution 
P7-9 (f) Individualized solution 


P7-10 (a) 
Е-5-4-Е.5 E-S—@5E+S 
Е»5 —8-5P+8 P+S— E.S 


та = K(E)(S)-  (E-SS) - ; (E+S)+k,(P)(S) 
since S is not consumed: 5, =S + ES or S =S, — Е*5 


бас (Е) (8, )-(858 S) |- k (ES) - ; (E«S)*- k, (P)| (S;) -(E*8)] 


k (Е)(5, ) -, CP)(S:) 
OI (E) ek, +h +k?) 
=k, (E)(S)-k, (E-S) 
k,(E)+k,(P) kk, (E)(S,)+k,k, (P)(S;) 
atf k (E) +k, +k, +k, (P) (Е) +k, +k, (P) 


7-20 


—Ü 


P7-10 (b) 


E+S—*5E-S E-S—25E+S 
ES Е.Р Е•р—== E.S 
ЕР-З-ЭР-Е 
Tp = O=k, (E*S)—k,(E*P)—k, (Е.Р) 
(E-P) = k,(EsS) 

k, +k; 


та = k,(E)(S)—k, (E*S)—k,(E+S)+k, (E-P) 
since E is not consumed: E, = E + E*S + EXP or Е = E, — Е*5 – EeP 


k 
| | БоБ 1203 
45% k, + К, 
Insert this into the equation for ге and solve for the concentration of the intermediate: 
K(S)(E 
( E+S) = кни | ____ 
| 3 |e (S)+k, +k; - —3 
5 atk 
К.К. (Е*5 
р саш 
k, +k, 
kkk, (S)(E,) 
Ip — a 


P7-10 (c) No solution will be given 
P7-10 (d) 


қ 
E+S, CEs, 
kz 
ky 
E-S, +5, 2 E*S,8, 
ky 


ks 
ES S, >Р+Е 
(D па =0= А (E)(S1)-k, (E*S)—k, (E*S)(S,) +k, (E*S,S,) 
(2) 7.55, =0= k, (ESS)(S;) - E, (E*S,$,) К, (E*S,5;) 


If we add these two rates we get: 


(3) Твмя, 5.55, -0-4(Е)(5)-6, (E*S) - K, (E*S,S, ) 


K,LESS)(S 
From equation (2) we get ( E*S,S, ) – _3 ( X 2 ) 
k, +k; 
Eug memo cgnánon з апи мерае 22 
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——————— еее кем 


A(S)&(E(S) _ #6 (Е) ($1) ($) 
k(S,)) kk kk +k (Sp) 
k, +k, 
kk, (S) (S, (E) 
k,k, + kak, +k, ( 
(Е,)=(Е)+(Е+5) +(Е+5,5, ) 


Tp = k; (Е•5,5,)= 


&(S) , 48815) 


Е„)=(Е) 1+- | 

(5) | Ё k,(S,) kk, + ksk, +k; (S3) 
2 ky tks 

по АЕК, ($1) (5, (Е, ) 

„= 


тоол ЕНИ RERO. 


k, + 


(5, 
һ(5,) kk + КК, +k, (S;) 
k, +k, 


P7-10 (e) 
ky 

ыты) 

ky 
(8-8) (ES), +В 

) 
(Е-5), >Р+Е 
0) пе, = O= & (EY(S)- I; (E-S), -№(Е*5), +, (BS), (В) 
Q) про, =0= (Е), - № (ES), (P), -ks (Е•5), 
k, (E-S 
(Е"5), EK ) 

k, (RB) +k; 

Add (1) and (2) to get Қаз) + 


(в) - — D) 


-0- k (EJ(5)-& (ES), -k (B58), 


Е.5), 
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№ (Е), | k (Е)(5) 


(Е•5), |а 


_ kKk(E)(S) 
(8-5), = ink, (B) + jk, + kk, 


= kk, (E)(S) 
в 5 2 Ek (B) + kok, t kk, 


(Е,)=(Е)+(Е*5), +(Е.5), 


k, + 


k (5 kk (S 
СИ M E 
k, + 53:1 ak, (Pi) + ks + kk, 
k,+k,(B) 
тон kikk, (Е, )(S) = 
p = 
k (5) kk (S) 
ЊЕ СРИ О ЊЕ А IN 
( 2 4 ) зс ы: ;) | (Ok, kk, (B) + kak, + kk, 
k, +k, (P) 
P7-10 (f) 
k k 
E+S RE S-P 
k 
К, 
ЕФРЕ Р 
ks 
E-S + РЕЗ EeSeP 
ky 
kg 
E*P +S ЄЗ Е.5-Р 
ky 
r, =k, (Е*5) 


(0 пр =0= K(E)(S) - E, (ES)- E; (ES) +k, (E-S)(P)-* k, (Е*5-Р) 
а) пар =0= ku (E) (P) - (ЕР) –К (Е-Р)(5) +k, (Е*5-Р) 
(3) rg» =0= EK (Е*5 )(Р)-К, (E-S-P) +k, (E-P)(S)-  (E-S-P) 


(2) + (3): rg py + sy =0= k, (E)(P)-  (E-P) +k, (E-S)(P)- E (ЕР) 
now add (1) to this: 
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їе) = 0 = А (E)(S) ky (Е-5) - S (ES) +k, (E)(P)~ ks (Е•Р) 
k (Е)(5) +k, (E)(P)— ks (E*P) 
k, +k, 
k (E)(P) +k, (88-Р) 
k, +k, (5) 
ke (E«S) (P) (E*P)(S) 
k, +k 
цан 
k, +k, 
k, +k, (S) 
jk, (E)(P) + kok (E)(P)+ hk (ES (P) + k (E+P)(S) 


Қаз) К.Р) * 


(в5)- 
(E-P) = 


(E-S-P) = 


k,(E)(P) + ke 


(EP) = 


(EP) = 


ыу rye). (Peste t )+ koke (E-S)(P л 


k (E)(S)+ k, (E)(P) -kki (E)(P)+ kk, (Е)(Р) 


k, +k, kk (P). 


k, +k, - kek, (P) 
(E, ) - (E) € (E-S) + (E-P) - (E-S-P) 
ДР 


(Е, ) = (Е ) BENE 


ее 


k, +k, - kk, (P) 


k (E)(S)+ k, (E)(P)- kk, (E)(P) + kk, (E)(P) 


k,k,(E)(P)+ kok, ЕШ 


k, +k, — kk, (P) 


all of the terms in the numerator have (E) in it and so the (E) can be factored out and an expression for (E) 
in terms of (Ет), (P), and (5) can be made and plugged back into the equation for rp. 


P7-10 (g) 


А k 
E+S@ES—3P 


=0=k,(E)(S)-k, (E+S)—k, (Е*5) 


ne) 


к-р) =0=k, (E)(P)-k; (E-P) 


(вер) = (ӘР) 


Па 
(Е) ‚ А(5)(Е) , &(E)(P) 


a= k, +k, k, 
вен 0 i 
TERM kk (S)(E,) " 
| (k, Z = AE 
658) 

” [si^ +(5)+9 <<) 


7-25 


P7-10 (h) No solution will be given 
P7-10 (i) No solution will be given 
P7-10 (j) No solution will be given 
P7-10 (k) No solution will be given 


P7-11 (a) 

The enzyme catalyzed reaction of the decomposition of hydrogen peroxide. For a batch reactor: 
| 8М6 _ dCs М 
V dt -dt yz K LOS at t0, Cs = Cs, 


Rearranging and integrating: 


Г K ! ї 
Еш 116654 | Vma dts Ke In SS a C 

| = | Zig Cen = -Ч,, 
Cs | А Шоты хам 


or 1 іп Со LO. Cso Cs + У дах, 
t Cs Km t Ка 


A plot ot № In С50 vs C50: Сз 
Ї Cs t 


| Со. EpC Qu Cso - 
0 .0200 1.0 - 0000 у. > 
16 01775 1.1268 01193 00225 000225 
20 0158 1 2654 01179 ‚0042 00021 
50 0106 1.8867 01270 0094 000188 
100 .0050 4.0000 01386 0150 .00015 
Lip Ss 
f Cs 
Y wp X4 cg pene Pe Pe aie ыш 


15 16 17 18 19 29 21 22 23 24 25 


(C(so) - С(ѕ)) x 125 
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$ 3. 612 min?! | 
From the graph, slope = — 01 ал 


(17.5 - 20.6) х 16°? !g mol Imin“ | 


шэнэ ООК 0. 598 | ig. 
ҮРГЕН 


Ка 


it 
© 
(95) 
-- 
e 

йа 

3 
8, 
~ 
— 


Aplin 530. = .031.. 
t Cs min 


~ ~ < E ; 
Dm Мала. = Ці Cso F Cso- Cs = 013 min’! + 113102 5 mol/-min 
t 


Ка Cs Кас 9310 g moll 
Ушак = (013 +5.64x 10) min! = .01865 min Л 
Em 
Vmax =(.01865 x min 1) 0310 ато = 518х104 ШО. 
Ї ита 
Р7-11 (р) 


Уәж ФЕЈ. If the enzyme concentration is increased by a factor of three, then 


ү. o3 5787107 2!) ү 44449: 801. 
i*min | 


L* min 
C : | 
k, nEs С, — Ср = 17.344 104 3701. « 20 min = 34.7 *10-* 8721 
vid L* min L 


This equation shouid be solved by trial and error. Rearranging, 


In ES. „ Сзе- Ce - 0347 
Со 4 


Ка 


m f «Ce s 0347 t 3 
Cs = Саб ер Gn. Cs 0347 == 03 ex Г-.0147 · Cs] на 


| Ка prom OU. d 


Assume Cs "m New Cs % difference 
0.015 70.0077 94.8 

0.0077 0.0097 20.6 

0.0097 0.0091 6.6 

0.0091 0.0093 2.2 

0.0093 0.0092 1.1 

0.0092 0.0092 0 


P7-11 (с) Individualized solution 
P7-11 (d) Individualized solution 


P7-12 (a) 
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omen 


Given the reaction sequence: 
E+SaE+§ 


Е 5+5 25-Е +5 

Е* 5 = Е+Р 
The plat of -r, vs C, is shown below. 
the mechanism for the above reaction is: 


КСЕ, 5 m Я 
р mme E E y Бог С; << Пт, = k C, Е, in qualitati with the at 
У ее 2“ 5 n qualitative agreement graph 


low values of C,. For C, >> 1: зэ This is also in agreement with the graph. 


-rp mmol/liter > та) 


УТ 


КС ЕКІ + 2a С] _ __ КЕ - К.С) 
ӘС 1+ Ky GS + КС ( 


vct! — 


| + КС, + Ki (1 + Ki С, + Ko ср 


22КЕ, С.К. ЖЕ - К ИК + 2Ka Су 


2 Па Ki G + Ka с?р. Нақа Kz С 
2 5 | 
д (л) _ 2k Brl-3Ky С, - К + Ka CH] 


ты ШШ with C2 = mes, the numerator becomes 
әс; (+K G +K C&P ҮК» 


2k Е. - К: - 375 + Te <0. (-1;) goes through a maximum. 
fe -2 


* 


This observation also agrees with the above graph 


P7-12 (b) 
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For a CSTR operating with V = 10001; vo = 3.2 Vmin 


= Gao Ss. = М 1000. = 313 min. 


120 [Cao ~ Cal == -ғАУ OT aA = POEM g = T = 3% 
50-С. Уу” EDT m 
with Cag 50 m moles/l. ofa = 36s - this (linear) equation is plotted on the accompanying 
у 50 m moles. or, 313 


graph, the equation intersects the ierg} vs C, curve from the rare of reaction at 
graph, ac : 


С. =34 mmoles. = 0.052 mmoles. с, = 9.4 mmoles. | 
oe атта | 


~ ` и pn moie oum 5 mmoles 
ту = Е С; = 2.1 ава чу = 0.154 MIDS. 


Stability of points: assume that a penurbation 9$ = Сер - Cg occurs where the overber designates 


the steady-state condition, Material balance for any time: 


V dCs. = 34 + Сез YM ~ Cs 98 
dr 
or t SEs. = 157+ Cso- Cs ) Combining 
at steady stare 46; 2 
dern = (п, =}; +6; 6 


0 = fst + Сао + Сб 


Using a Taylor series expansion about Cs to linearize rs - fs: 


rge фр ош jerem = Бэ 8s and substituting 
І 
П 


| 
Qs 
a 
цоог 
Су 
3 
2 
e 
іл 
1 


4 


TT 1 
7985 = ois) Tc 1195 + ба urt, 95 = 0 
dt а Cs ics 


: 


For this soludon of the above equation to be stable: 


шон re 1<90 t >-l 
9 Cs С; Cs 


At C,= 2.1 m moles/ г, = 0.194 m moles/ 1 «min, the slope of the reaction rate curve is positive. 


Therefore, this operating point is stable. For the other two points, the stability may be examined 
by esamadng the derivative graphically: 


Ат С = 94 m moles/l, ji 


ДЕСІ = 808 20242 
9 65 С; =94 ACs 
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ее 


2. the point Се =9.4, -rs = 0.132 is unstable. 


At Cs « 2.1 m moles/l, d х) = =) = 0.0873. 0.018 = - 0.0025 min 
Cs Cs = 2.1 ACs Te = 


ат 5 
Ё c3) ү + = | 20295 min 1) (313 min) = -0.775 > -1 ; stable 


9С; IG, 5 
AL Cs = 5.1 mmoles/l. чу = 0.154 кш appears to be stable, but more accurate calculation 
9 (-rs) 
f "SEN is necessary to establish this conclusion definitively. 

9 vs 

Са-С; 50-24 
X = -5 5,7 = 958 

Сы 50 
P7-12 (с) 
КС,Е, 

yu эсс 

1+ KC, + КС; 


If Er is reduced by 33%, -rs will also decrease by 33%. From the original plot, we see that if the curve —rs is 
decreased by 33%, the straight line from the CSTR calculation will cross the curve only once at 
approximately Cs = 40 mmol/L 


Х-02 


Р7-12 (d) Individualized solution 
P7-12 (e) Individualized solution 


P7-13 (a) 
Data on Bakers Yeast at 23.4 °C 
Ро, Qo, Qo. s a m 
na 20 mg Qo, Po, Оо, 
sulfantiamide sulfanidarmidc/mi no 20 mg 
added to medium sulfanitamide шарлага! ли 
700 КЕНЕ 00 2 о 
0.5 23.3 17.4 0425 2.0 ,0575 
1.0 33.0 25.6 0303 1.0 0391 
1.5 37.5 30.8 02866 66 03246 
2.5 42.0 36.4 0138 40 402747 
3.5 43.0 39.6 0233 2285 .0255 
5.0 13.0 20.0 0235 .200 .0250 
"E K { 5 V max 5 T ET PN: Y FÉ 
fg X ILU = ОП. wherein dus problem, „ = oxygen uptake in microluers of 
PO Ka +5 Каз5 Оо» 


Qs per hour per ing of cells = Тр» and О» is the substrate. 
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27325 лс _Ка ENT а Sp oa "OPNS ЧОТ: ЭЖ 
Tp V max 5 V max max (Ро. V тах Qo, 
Plot o£ —-- versus === will have а slope of Bu. and an intercept of Un 
Ос, Pos V max 
0.06 | + with 4 
0.05 > without 
0.04 
агт | 
(Сва С) 003 
0.02 1 
0.01 
020 - 
09 25 10 15 22 
1/0) imm На) 
From the graph, slope = о = 0165 Intercept = 0.019 


mQ 


LEE E 
жи hr mg cells 


Ка = 0.0165 Vmax = (0.0165)(52.63) = 08634 mmHg 


P7-13 (b) 


Now, with comperidve inhibition: E+ S Е +5 


[tE [E 


E+S oo Р+Е 
t 
Ма кай), 1 
= m: Е а ы НАҚЫЛ ЈЕ лан 
Rare law becomes: Ty жай a esas eu жене or 7 = y 1 + y 
: $ + Ka | | + al P max | тал 
: & 
Ка | | ст L. 
In this case, the slope is : е эк while the intercept is the same as 1а case (а) 
шах 
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For the case of uncompetitve inhibition: E+S m@E+§ 


Е:5 +» [=>], E-S 


Е-5о Р+Е 
V K " a 
Rate law becomes: тр = Lupi НИНА ge с + 
Km +5 [1+2] % Yen 5 Van 
Ky 
1+ 2- 
In this case, the slope is the same, but the intercept is ----і- 
TAX 
And for the case of non-competirive inhibition: Е+ГељЕ «|. 
Е•1+5 <= 1• Е+5 
Е+бсљЕ+8 
1» Ее бо Е• 5 +1 
Е* 5 > PHE 
1+ aks 1+ oie 
Гр = ~ V max 5 - sns KL + KL 3 
к о Vaa Vow S 
1 


Іп this case both the slope and intercept change. Plotting the data of B in mmHg versus ol 


with sulfanilamide on the same plot as was plotted the data for the case with no sulfanilamide, it is 
seen that the slopes are different, but the intercept is the same. Therefore the inhibition is 
comparative. 


P7-13 (c) Individualized solution 
P7-13 (d) Individualized solution 


Р7-14 


For 


For 


For 


No Inhibition, using regression, 
2 1 1 
Equation model: —— = а0 + ali — 
=", 5 
а0 - 0.008 al = 0.0266 
Maltose, 


; 1 1 
Equation model: —— = a0 + alj — 
шиг 5 


а0 = 0.0098 al = 0.33 
a-dextran, 


| 1 1 
Equation model: ——- = a0+ ali — 
=> 5 
a0 = 0.008 al- 0.0377 
—» Maltose show non-competitive inhibition as slope and intercept, both changing compared to no 
inhibition case. 


=> a-dextran show competitive inhibition as intercept same but slope increases compared to no inhibition 
case. 


P7-15 
r, -k(EHS) 
(EHS) = K, (ЕН )(5) 


_\_ (ЕН) 
(ЕД)-(Е) (ЕН)-(Ен;) 
тунан) BHP YEH) 
(E) 

(EH) = ————————— 

27: + K,(H*) 
Now plug the value of (EH) into rp г 
r, = КК ( ЕН) 5) КК, (E)K (н*)(5) | 
ы 1+K,(H*)+K,K,(H*) 


At very low concentrations of H* (high рН) г, approaches 0 and at very high concentrations of H* (low pH) 
rp also approaches 0. Only at moderate concentrations of H* (and therefore pH) is the rate much greater than 
zero. This explains the shape of the figure. 


P7-15 (a) Individualized solution 
P7-15 (b) Individualized solution 


————————————À——————————————————————————-—-—»—9——————————— — 


P7-16 (a) 


For batch reaction, 


Пени 


С 
ас; = г; ios _ Мах «Сс 
dt 


Ce = Ceo + Yos (Cis 2 сы) 


See Polymath program P7-16-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


с 
Св 


0 0 10 

20 6.301Е-11 20 

20 20 20 

0.25 0.25 0.25 

0.5 0.5 0.5 

0.1, 0.1 0.1 

0.1 0.1 10.1 

1 1 1 
-0.0987654 -8.0781496 -2.546E-09 
0.0493827 1.273E-09 4.0390748 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Cs)/d(t) = rs 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 


0.0 


Cso = 20 

Km = 0.25 

Yes = 0.5 

Cco = 0.1 

Cc = Cco+Ycs*(Cso-Cs) 
umax = 1 

rs = -umax*Cs*Cc/(Km+Cs) 
гс = -Ycs"rs 


P7-16 (b) 


For logistic growth law: 


7-34 


final value 


Үс = -Үс,515 


10 
6.301Е-11 


-2.546Е-09 
1.273Е-09 


е 


See Polymath program P7-16-b.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 7 7 
Сс 0.1 0.1 0.9918599 0.9918599 
umax 1 1 1 1 
Coo 1 1 1 1 
rg 0.09 0.0080739 0.2499857 0.0080739 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] 9(Сс)/а@) = rg 


Explicit equations as entered by the user 
[1] чтах=1 
[2] Coo=1 
[3] rg = umax'(1-Cc/Coo)*Cc 


1.00 0.30 
0.82 0.24 
0.64 0.18 
0.46 9.12 
0.28 0.06 
91 Us 0 О о 


For part(a), С. “У.С, + Coo = (0.5) (20) / dm? + 0.18 / dm? = 10.18 / dm? 


P7-16 (с) 
For CSTR, 
r, = Ус ЭР Yo; s Ина С СС 
Ки + C; 
2-1 3 
Dilution rate at which washout occurs = Усју у © so. Cso - хээ ELM = 0.494hr™ 
Ки+Су  025g/dm? + 20g / dm? 
P7-16 (d) 
К, м 

Died e Үс) ах Ёс м | = 0.5х 1 ! xil- ша 

Ку +С 0.252 / ат? +208 / dm? 

D max prod = 0A44hr ' 
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ей (us tK, jer D 


Үсг5 ах 1 Ку t Cs 
3 ті 2 
 онитац тала oaa ата 


0.5xlhr7 – 0.44! 20.252 / dm? 
C= м = 1.838 / ат? 
5 
Усы — 


С,-Ү,сС. = 0.15x9.08g / dm? = 1.3628 / dm? 


3 3 
"S Иза Су Се _ гава сара -7.99g / dm) hr 
Ки+С; 0.258 /4т? +1.832 / dm 
P7-16 (e) 
If = КСе 
m = Ссуо = (r, -1, 17 
p. = C 
DividebyCcV, Р = (у a) (fossas Cs) k, 
Cc Kyu tC; 
D+k,)K 
=> С; (р+к,)к, 
Үс hmas ~ D 
Now – rg = Кис => D(Cs; - С, ј= У, (DCc +1,) 
us Yos D(Cso -C;) 
D+k, 
For dilution rate at which wash out occur, Cc= 
> Cso = Cs 
D+k,)K 
=> С = (D+ky)Ky_ 
Үс) сак -D 
" -1 32 -1 
Эс Ке ух Сз ~kaKy _ 0.5хїйг" х 20g /dm’ -0.02г” х0.252 / 40" _ доз, ч 
Cathy 20g / dm? +0.25в / ат? 
There is not much change in Dilution rate while considering cell death to one where cell death is neglected. 
Иво Сы Сы _ (D*k,)Ky 
DC, = _ аны С; = ae 
Р +, Yous баа Р 
Now Бог. ыры» 4(pc;) =0 
| ар 
Dax род = 0446 Ш" 
P7-16 (f) 


Now -fm = mCc 


DC. =r, & р(С;, - Cs) = 1s ^r, 
т = Ссу = (r, y = uCcV 
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Y, C 
Divideby CV, Р=и= (Кос Cs) 


Kurt. 
DK 
Solving — C, = ————M— 
Үсу Шаа w D 
Now —% = с =>, Р(С,, -С,)-тсС, = пе Dee) 
C= [D(C so = С; ) 
^ Y,,;D+m 
For dilution rate at which wash out occur, Cc=0 
DK 
> Cso = Cs, С; = luc M. 
Yos Umax -D 
DK 
=> Cso SoM m 
Yous ах”) 
-1 3 
23 Die I ett (Ca, _ = ш х 202 / ат = 0.494hr ^ 
С, +Ки  208/4т? 4025g/dm 
ас 
Now For D рюа > (рес) -0 
ар 
Dux proa = 0.4763 №" 
Р7-16 (2) Individualized solution 
P7-16 (h) Individualized solution 
P7-17 
Tessier Equation, 
Ж (1-- а ш је 
(а) For batch reaction, 
dC ” 
Cen. свеће | цэйш ХЭЛ, 


Ce = Ceo + Yos (С. ш Cs) 
See Polymath program P7-17-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 7 7 | 
Св 20 0.0852675 20 0.0852675 | 
Ссо 0.1 0.1 0.1 0.1 | 
Yes 0.5 0.5 0.5 0.5 | 
Cso 20 20 20 20 | 
Ce 0.1 0.1 10.057366 10.057366 | 
k 8 8 8 8 | 
шаах 1 1 1 1 | 
Узс 2 2 2 2 | 
ха 0.0917915 0.0917915 3.8563479 0.1066265 | 
rs -0.183583 -7.7126957 -0.183583 -0.213253 | 
Rates 0.183583 0.183583 7.7126957 0.213253 | 
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ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Csyd(0 = rs 


Explicit equations as entered by the user 
[1] Cco = 0.1 
[2] Yes = 0.5 
[3] Сѕо = 20 
[4] Cc =Cco+Ycs*(Cso-Cs) 
[5] k=8 
[6] umaxz 1 
[7] Үзс-2 
[8] rg = umax'(1-exp(-Cs/k))*Cc 
[9] rs = -Ysc*rg 
[10] RateS =-rs 


20 
16 


12 


(© DC; =" Р(С,, -C6,)e ry r, ИС, U= Из l-e) 
т = Cevo = (r, V = MCV 
Divide by CoV, D =M= Lng, l-e) 


C, =-k vi -2- 
А 


Now —Ts -Y,cr, С; ЗҮ: боб] 


For dilution rate at which wash out occur, Cc=0 


=> Cso = С = -К vi = D | 
Шах 


— р = Hymn (Le) е") O 91,7 


( рс, = Ру (С, - C,) C, =-k 1-2 


max 


max 


DC, = DE,,. |с. өн -2-| 
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qM 


d(DC,) 


N For D — -0 
ow or max .prod dD 
D max prod = 0.628 br” 
P7-17 (a) Individualized solution 
P7-17 (b) Individualized solution 
P7-18 (a) 
Himax Cs 
= UC = max 8-8 
„= ИСс H K„ +C, 
For CSTR, DC,-r, ІХ(С,-С;)--ғ =T; = Үт, 


: ү 
С,-С,(1-Х)-106/4т(11-09)-16/ф4т".. D- of, 
Се = Yess (Coo – С; ) = 0.500 – Dg / dm? =4.52 / dm? 


С.С 
DC, =r, = Шаа stc 
Ки +С; 
4 3 3 
У ЕЗ итгэ шит, 
V (4 + 1)g / dm 
V = 62504т` 
P7-18 (b) 
Flow of cells out = Flow of cells in 
Fo = у Се 
Cell Balance: Fo + r,V – Fo = у 
dC. = 
dt 5 


dC 
Substrate Balance: ——* = у С, — vC. —Y.;r 
as o'7so 7 705574” 


r= Hx Cs С; 
COEM 
Ku +C; 
This would result in the Cell concentration growing exponentially. This is not realistic as at some point 
there will be too many cells to fit into a finite sized reactor. Either a cell death rate must be included or the 
cells cannot be recycled. 


P7-18 (c) | 
Two CSTR’s 
For 1° CSTR, 
У = 50004? , DC, =r D(Cso -С,)--ғ 
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Иза © ES 
5 = Yscr, КС. D= 7 
M 


See Polymath program P7-18-c-1cstr.pol. 


POLYMATH Results 
NLES Solution 

Variable Value .. fíx) Ini Guess 
Cc 4.3333333 9.878E-12 4 
Cs 1.3333333 1.976E-11 5 
umax 0.8 

Km 4 

Csoo 10 

Cso 10 

Ysc 2 

rg 0.8666667 

rs -1.7333333 

V 5000 

vo 1000 

D 0.2 

x 0.8666667 

Cco 4.33 


NLES Report (safenewt) 


Nonlinear equations 
[1] f(Cc) = D*(Cc)-rg = 0 
[2] f(Cs) = D*(Cso-Cs)+rs = 0 


Explicit equations 
{1] umax=0.8 

[2] Km=4 

[3] Csoo = 10 

[4] Cso = 10 

[5] Үѕс= 2 

[6] rg =umax*Cs*Cc/(Km+Cs) 
[7] rs = -Үѕс*го 

[8] V2 5000 

[9] vo= 1000 

[10] D z vo/V 

[11] X= 1-Cs/Csoo 
[12] Ссо = 4.33 


Са = 4.33 g/dm? X = 0.867 
Са = 1.33 g/dm? Сы = ҮрсСсі =0.866 g/dm? 
For 2™ CSTR, D(Co — Са) r, D(C,, - C,)»-r 
See Polymath program P7-18-c-2cstr.pol. 
POLYMATH Results 
NLES Solution 
Variable .. Value £(x) Ini Guess 
се 4.9334151 3.004E-10 4 
Св 0.1261699 6.008Е-10 5 
umax 0.8 
Km 4 
Csoo 10 
Cs1 1.333 
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— M 


Ysc 2 


rg 0.120683 
rs -0.241366 
V 5000 
vo 1000 
D 0.2 
x 0.987383 
Cel 4.33 


NLES Report (safenewt) 


Nonlinear equations 
(11 (Со) = D'(Cc-Cc1)-rg = 0 
[2] f(Cs) = D*(Cs1-Cs)+rs = 0 


Explicit equations 
[1] итах = 0.8 

[2] Km=4 

(31 Сѕоо = 10 

41 Cs1 = 1.333 

[5] Yse=2 
6] rg = umax*Cs*Cc/(Km«Cs) 
7] rs = -Yscrg 


11] X= 1-Cs/Csoo 
[12] Ссі = 4.33 


8 

[9 
[10] D=vo/V 
1 

1 


Сс» = 4.933 g/dm? X = 0.987 
Са = 1.26 g/dm? Сы = ҮвсСс: =0.9866 g/dm? 


P7-18 (d) 
For washout dilution rate, Cc = 0 
у 3 
ЕС сыш DU иш. 
Ку +С 48/ат +108 /ат 


| RENE | дела —— _ 
р = q- М |= 0.8hr | 3 - | ————À————-—— 2037hr 
UNA “| К = == +108 / dm? 


M 


Production rate = Ccvo(24hr) = 4.85 g / dm? x1000dm?/hrx24hr = 116472.56g/day 


P7-18 (e) 
For batch reactor, 
dC dC 
У = 5004, —& =r, — =r, 
аі dt 
Ссо= 0.5 g/dm? Со = 10g/dm? 
C 
=r; =YVsicly „= гын ол 
К„ +С; 


See Polymath program P7-18-e.pol. 


POLYMATH Results 
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Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 6 6 

Сс 0.5 0.5 5.4291422 5.4291422 
Cs 10 0.1417155 10 0.1417155 
Km 4 4 4 4 

Үзс 2 2 2 2 

umax 0.8 0.8 0.8 0.8 

rg 0.2857143 0.1486135 1.403203 0.1486135 
rs -0.5714286 -2.8064061 -0.2972271 -0.2972271 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] «Ссуай) = rg 
[2] d(Cs)/d(t) = rs 


Explicit equations as entered by the user 
[1] Km=4 
[2] Үзс-2 
ІЗІ umax=0.8 
[4] rg = umax'Cs*Cc/(Km4Cs) 
[5] rs=-Ysc*rg 


For t = 6hrs, Сс = 5.43g/dm’, 
So we will have 3 cycle of (6+2)hrs each in 2 bah reactors of V = : 500dm’. 
Product rate = Сс x no. of cycle x no. of reactors x V = 5.43 g/dm? x 3 x 2 х 500dm? 
= 16290g/day. 


P7-18 (g) Individualized solution 
P7-18 (f) Individualized solution 


-------------------------------------------.----------.-..---------------------------------------------------- 
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—— 


Fogler 7-19 Solution 
Problem Statement: 


Lactic acid is produced by a Lactobacillus species cultured ina CSTR. To increase the 
cell concentration and production rate, most of the cells in the reactor outlet are recycled 
to the CSTR, such that the cell concentration in the product stream is 10 % of cell 
concentration in the reactor. Find the optimum dilution rate that will maximize the rate 
of lactic acid production in the reactor. How does this optimum dilution rate change if 
the exit cell concentration fraction is changed? [ry = (а и + В)Сс | 


Umax = 0.5 h-1, K, = 2.0 g/L, a= 0.2 g/g, Сао = 50 g/L 
В = 0.1¢/g.h, Yxs = 0.2 g/g, Урк = 0.3 g/g 
Solution: 


Св,о = 50g/L 


Cs, Cc 


A steady state material balance on the Bioreactor (including the recycle device) gives: 


Accumulation — inlet - outlet + generation 
Cells: 0 = 0 - D*0.1* Cc + и*Сс (7.19.1) 
Substrate: 0 = D*Cso -D* С; -W*CCIY xs — rp/ Три (7.19.2) | 
Product: 0 = 0 -D*Cp + (7.19.3) | 
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From equation (7.19.1) : 


Шъ Cs 0.1*D* K, 
a —-u-201*D > С,----тгтт 7.19.4 
К,-С, 1 i .-01%0 ( ) 
D*(C..-C D*(C..-C 
From equation (7.19.2): С, = (Cs, 7 Cs) = (Са 7 Cs) 
Hoth) |01*D а*01*р+д 
Үш Ys Pos Ys 
(7.19.5) 
Rate of production = (а u + В)Сс = 
0.1* D* К 
(a*0.1* D+ B)* D*(C,, -————ÀÀ 
Да 01%) 
(7.19.6) 
01*D а*01*р+д 


Ү, Уз, 


Differentiating equation (7.19.6) w.r.t. the dilution rate D, one can determine the optimum 
dilution rate that will maximize the rate of production. 


For the given parameter values in the problem statement, the substrate and cell 
concentrations and the rate of lactic acid production can be calculated from the above 


equations and plotted versus the dilution rate. The optimum dilution rate = 3.765 hr”. 


| | = х d 


Recycle CSTR - Fogler 7-19 


---- Substrate conc 
—— Cell Conc Е 
--- Rate of Production 


БИЕДЕ м 
тай 


7-4За 


рата .4.......-.-.-................-. 


X, + S -> More X; + Pi 
X, + X; More Х, + Р, 


For CSTR, 
ас 
- = Р(С,, га C.J Үҙ, 257 
ас, 
| й m D{- Cx, )+ Ғұх, 
Pax, = MCy, 


See Polymath program P7-20-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


ас, " ( к | 
| dt = DC, + ry, 7 Кхиха тих 
7х, = Cy, 


Variable initial value minimal value maximal value final value 
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ЕЕЕ 


Cs 10 
Сх1 25 
Cx2 7 
Kmi 10 
Km2 10 
ulmax 0.5 
u2max 0.11 
rgx1 6.25 
rgx2 0.55 
Ух15 0.14 
Үвх1 7.1428571 
Үх2х1 0.5 
Үх1х2 2 
Сво 250 
р 0.04 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(Cs)/d(t) = D*(Cso-Cs)-Ysx1*rgx1 
[2] d(Cxt)/d(t) = D*(-Cx1)+rgx1-Y¥x1x2*rgx2 


[3] d(Cx2)/d(t) = D*(-Cx2)+rgx2 


1.2366496 
25 

7 

10 


0.5 

0.11 
1.4008218 
0.55 

0.14 
7.1428571 
0 

2 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5 
(61 
[7] 
[8] 
191 
[10] 
[11] 
[12] 


Km1 = 10 
Km2 = 10 
и1тах = 0.5 
u2max = 0.11 


rgx1 = uimax*Cs*Cx1/(Km1+Cs) 
rgx2 = u2max*Cx1*Cx2/(Km2+Cx1) 


Yx1s = 0.14 

Ysx1 = 1/Yx1s 

Yx2x1 = 0.5 
Yx1x2 = 1/Yx2x1 


Cso = 250 
D = 0.04 


10 
25.791753 
7.2791882 
10 

10 

.5 

.11 

.25 
.5748833 
.14 
.1428571 
25 


0 
0 
6 
0 
0 
7 
0 
2 


250 
0.04 


7.18 


7.06 
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1.2366496 
25.456756 
7.2791882 
10 

10 

.5 

.11 
.4008218 
.5748833 
.14 
.1428571 
.5 


әо-1оокоо 


250 
0.04 


P7-20 (b) When we increase D, Cs increases, Cx, decreases, and Cy; has very little decrease. 


P7-20 (c) When Cso decreased, Cs and Cx; both decreases, Cx; has no noticeable change. 


9.562 


0.556 


0.550 


10 0.0 0.2 0.4 0.6 0,8 


When Се increased, Cx; increases, Сх; has no noticeable change for large t 


P7-20 (d) Individualized solution 


P7-20 (е) Individualized solution 


P7-21 (a and b) 


Run #1 No Yeast Exrract 
#2 Yeast Extract 


The percent volume of the growth product H58 collected above the broth was reported as а 


function of time: 


cell +numient -> more cells + product 


{a and b) 


Cx = Cyg ef (cud 
or Cx = Cyg ett e tiu 


curve fit exponential curve: 


X = Аек 


Cells (gramil 


ИРОН — —— эне P 
s 


i 4% 
"3 а” 
15 * 
i * 
E 
$ е 
10 - . 
1 ә 
e 
e 
S . 
e 
E 
* Б 
0 IP анин ————— Áá—ÀX ne 


ї Н 


0.00 10° 5.00 10? 100 10! 1.50 10' 2.00 10° 2.50 10 


time {hr} 
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i 


where A = Суре ва 


Run 1 (between 15, 20, 30 hrs) 
Umas = 02125 hr”? 


A = 7492.6 
27 x 10% 


= pon" 212 
Hog in 3492.6 | 0.2 125 


6.0 br 


H 


Чар 


Р7-21 (с) 
Stationary 
Ustationary between 


Time 45 to 55 
length of ume  lOhr 


2 


Run 2 (points 10, 15, 20 hrs) 


A = 53717 
Hag = 5.1 hr 
25 to 15 
20 hr 


P7-21 (d) Production starts at the end of the exponential (for both runs) 


P7-21 (e) 
dt 
D (Ceo - Cc) + Ce 
-р Ce + НСС x 0 


SCC = D(Cco- Се) + иСс = 0 


= 0 


Ce = 0 


Co = 0 or D = p wash ош occurs when D > Идэх 


P7-21 (f) Individualized solution 
Р7-21 (g) Individualized solution 


aces РЕЯ" 

Cs, = Ceo = 0.5 g/dm? 
К; = 50 gdm? 

Ks = 1 g/dm 

D = 0,75 

ves = 0.08 
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—— 


Os. Са | ea 
е h 4 сз) 
\Ks s Ky ! 


50: yax Cc | by definition 


Ce ус {Cso Cs) 


pick Cs , caiculate D and Cc 
Cso = 30.0 р/т? 
1+ Cs (1 t 8 | 
For D = 0.876hr'! (Cs = 2.5g/dm?), production rate is maximum 


P7-22 (c) 


Сс = (30.0 - Cg) (0.08) 


- Cc — Os 
2.80 10° 4 7 
1 
2.00 100 - 
1.50 107: 
| 5 
© 1.00 10? 4 а 


4 
5.00 107 


-500 1 g^ + qoem ae ee got Dee peace а деней eset 


For D = 0.27hr! , Cc = 0 if Ceo = 0.5 g/d’. 
For D = 0314hr'! , Ce = 0 if Coo = 0 g/dm’. 
And for maximum production rate, D = 0. 876hr . 


P7-22 (d) 


For batch reactor, 
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— =r - = -—Y, or г, = 


dt 5 dt 


See Polymath program P7-22-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 

Сс 0.5 0.5 

Св 30 2.01Е-07 
Кі 50 50 

umax 1.5 125 

Ks 1 1 

rg 0.4591837 8.744Е-07 
Ycs 0.08 0.08 

Ysc 12.5 12.5 
rateS 5.7397959 1.093E-05 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 
[2] 


d(Cc)/d(t) = rg 
d(Cs)/d(t) = -Ysc"rg 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 


30 


24 


18 


12 


о 04 O08 12 16 20 


Ki = 50 


umax = 1.5 

Ks =1 

rg = umax*Cs*Cc/(Ks+Cs*(1+Cs/Ki)) 
Yes = 0.08 

Ysc = 1/Үсѕ 

rateS = Ysc"rg 


Р7-22 (е) 


For semi-batch reactor, 
CE ips Oe 
dt 8 ү 
И ах. С; C. 


"К, +C,(1+C,/ К.) 


See Polymath program P7-22-e.pol. 
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di ' К.+С,(+С./ Кү) 


2 2 

2.9 2.9 

30 2.01Е- 
50 50 

1.5 1.5 

1 1 
2.9019168 8.744Е 
0.08 0.08 
12.5 12.5 
36.27396 1.0936 


ас 
a -Үус?”, + 
У =У, ћу! 


А С5 Сс 


final value 


-05 


— 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value 


t 0 0 

Cc 0:55 0.2329971 
Св 2 0.8327919 
Кі 50 50 

vo 50 50 

Vo 10 10 

V 10 10 

Csin 30 30 

umax 1.5 145 

Ks 1 1 

rg 0.487013 0.2329022 
Yes 0.08 0.08 

Ysc 12.5 12.5 
rateS 6.0876623 2.9112771 
УСС 5 5 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] «Ссуай) = rg-vo*Cc/V 
[2] d(Cs)/d(t) = -Ysc*rg+vo*(Csin-Cs)/V 


Explicit equations as entered by the user 
(11 К=50 


2] vo=50 

131 Vo=10 

4] V= Vo+vo*t 

5] Csin = 30 

6] umax= 1.5 

71 Ks=1 

[8] rg =umax*Cs*Cc/(Ks+Cs*(1+Cs/Ki)) 
[9] Yes = 0.08 

10] Yse=1/Yes 
[11] rateS = Ysc*rg 
[12] VCc=V*Cc 
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2.2593341 
24.016878 
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2.2464622 
0.08 
12.5 
28.080778 
530.94351 


final value 


4.5 
2.2593341 
0.8327919 
50 

50 

10 


1.5283423 
0.08 
12.5 
19.104279 
530.94351 
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P7-22 (f) Individualized solution 
P7-22 (g) Individualized solution 


P7-23 (a) 
Fit the data to the equation: — 
р= Osh _ 
К; + Cs 


"NS 5-29 
din Soe! T d 
1.725 4 eee 
| шар” 
ME Ш 
Su эрт Pal 
1.325 | 22 
сс y 
esac | 
280: А ак —— 25 
1.000 3.000 3.506 2.223 8.230 37.006 
P7-23 (b) 


Using this equation, solve for Ус: 


Хез(Сь + Ks) шы „Со р} 


Ce =- | 


p qp EC 


ВА 


With the given information Үс = 0.099, therefore, Y ас 15 equal to the inverse 
of that, 10.075. 


P7-24 No solution will be given. 


5€——————————————————————————————————————————————  ÁÓ 


P7-25 No solution will be given 


P7-26 See Professional Reference Shelf 7.5 on the website for a sample solution. 


CDP7-A No solution will be given. 


CDP7-B 
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Given the following reaction scheme: 
Посе э оре Ср 


key Cora: 
. НӨ! Байг KC; Сос: 
with the following rate law: Сон 


Active intermediates assumed to be HOC] and НОГ. 
From table I, the first rule of thumb suggests: 


ki 
ОН” + НОСІ e» OCI + НО, -n = Kj Соң Снос Ка Сос: Cho 
О k 1 
kz 
OH + НОГ > ОГ + НО, а = ka Сон Cuor- К 2 Cor Сну 
k 3 


The third rule of thumb suggests that the reverse reactions occur. A chain propagation step, 
involving the conversion of one intermediate into the other might tie in both the reactions above. 
Кз 
17 + НОС! -> HOT+ СЁ, 5 = Ку Cr Choe 


This step makes the overall reaction sequence 15% ОСІ: -> OU + С possible: 


2 бу mp uk. IC Сот Ё L2 С, o: Cuor 


~ Tyo =R bh =k ©» б #2 Ceo АС, Croa =0 
EC Онер 


он“ Cuyo, 7 k. aC Cy, 0 "у 
НОС] = -1)-13- = ki Con: Сноа Ка Сост Cro + Кз Cr Снод = 0 


„| ^ 53 ^^ ~ 1 ^ k C 
or [ki Сон: +k Ci] Снос = ka Сост Cio i ie Сноа = ка соп сно. 


Ка ЕЗ Cr Сост Сњо . ЭН 
Then: fi = Ал $3 ЕТ AOG Ун al » h >> К L 
Ol Он ып. T ose; with ky 3 b 
KC Coe kak 
ies hoy = Е э where K жаз ЛАЛӘ. 
С С 
“он” 1 


An alternative approach assumes that reaction | quickly attains equilibrium, then: 


CDP7-C 
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R 
Cs WE: 
(а) Assumptions: 7 


» Transter rate from bubble bulk to fluid interface is not rate limiting, 1.е., C; is 
the equilibrium oxygen concentration. 

» System isar pseudo steady-state with regard to the particle size, iLe., particle 
growth is slow compared to oxygen mwansfer. 

* Rate of oxygen consumption is directly proportional to the сей growth rate: 


го, = vf where yo, = vield of cells on oxygen Р Ё aan 
Ф = уд: < HEN ^?" immole О; 


This implies that any oxygen utilization required to maintain the cells is negligible, 
and there is no significant metabolic product being synthesized. 


Oxygen balance: Ro, = ky ag (Ci Съ) 
= ky ap Сс (C, - С, 
= ан k Cs Cc 
where: 


Kk, a = overall mass transfer resistance from the bubble to the bulk. 


ас =: surface area per gram of cells 
k = mass transfer of cells on Oz 
YO, = yield of cells on Оз 
Rearrange Оз balances: 
R 2 А] ~ 
ER COO 0) 
9-00 2 
kcacCc 907 E 
Yo Ros „с 
nkCc — ^ 3) 


Add equations 1, 2 and 3 


Ro ree БЕТТЕ ЖИН ШИШ 
СБА ae oe | x 


(1) When oxygen consumption by the cells is slow, the process is reaction rate limited. 


Ci | YO 
Th 1S p 1 id: en bey qiie dua oss Du ut 
ас ас Ко, ka Cok 


(2) When oxygen consumption is much faster than mass transfer, the mass transfer 
Е Ci 
becomes the limiting factor. =. = el. == 


Ко, қа Кас Со 
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(b) To increase the growth rate, you could: 
* Increase Кү аһ by increasing fermentor agitation, 
* Increase the сопсепітапоп of cells (since this is an autocatalytic reaction) 
* Increase clump surface area and the effectiveness factor by decreasing the particle 
size (also by increasing fermentor agiation). 


(c) Вс = yo, Ќо, From equation (4), have: 
Б. 1 
AC. ла YO | қаққа + 
С; LRT 85 
= yo, Се | SS s 
ЁС аһ 


ке кекке ж „А. „© ЕЕ 
Уо Cc С: lka Kcac Tk, С 


Се: Ce + [1...4 Yl, Ee a а С. 
ky ap ^ jus ac a aeu 29 ч 


(4) Assumptions: 
* There is a constant number of particles 
* Each pellet is roughly spherical and has constant density. 


We do not know which resistances are controlling, so we know there are no reaction 
limitations, but may be either internal or external diffusion limitations. 


Rc = уо, Gi Тесты айын 


As particle growth increases, kc, ac and 1] will change as functions of the particle diameter. 


Thus need to find particle diameter as a function of Cc 


Cc = ape Vc where n = number concentration of particles (1/1) 
Ус = Egg у ЖЫ: ; 
6 PC = the density of the particles (g/l) 
з „ 9c. | 
Р 7 en РС Ус = particle volume (1) 


Internal diffusional resistance can be modeled as: 


nk 
External diffusional resistance with or without shear is: 
1 ЗБ 
m С? а i 3 < b 5 2 
kc ac 2 


; Ж 
where Оң = ај zou. and бз = аз „Зуб 
тп Pc ü in pc 


Dropping the primes and simplifying: 


Oa Qo + сз cer] : 
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НИЙ з-25 , ^ 73-11 хуч | 
| ТСИ MUS сг? | асс = | yo, Ci dt 
SE. | 
“со 9 


Ce- Ceo уз 13 За few ^b 
Ra 9 (cd? - сар)» ор -С0) = yo, Cit 
(е) From part (с), we have: 


Ce- Се ~ Eco 1. УО, } Се 
+ екеш = к 
kj ay [S üc этч d Co хо e f 


For a vigorously stirred fermentor, assume that fluid shear is sufficiently high, 
that transport to the edge of the floc is negligible(U: 


| 
Ја. <> 0 
Kc ac 
The mass transfer resistance from air bubble to bulk liquid depends on the fermentor 


design, air flow rate, agitation rate and a number of other factors. Рога 10 | laboratory 
scale fermentor, Кү ay was found to be ~ 15011 más mal during the growth phase of the 


fermentation. 
Dividing through by Henry's low constant: 


T m m aml (dar 
kı ap (150 ms де |0. En. m Mole il sind г) 
= 3.67 х Эр 57 
Effectiveness factor: Microbial growth on multiple subswates (here oxygen and glucose) 
is typically modelled using Monod type kinetics: 
ЯНГ 
n ДОС ет Ko + Co 
Ес = џСе 
By representing the reaction as first-order with respect to oxygen, we are essentially 
assuming а low oxygen сопсеппапоп, relative to the intrinsic rate parameter, Ko: 
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Ke ac 
The mass transfer resistance from air bubble to bulk liquid depends on the fermentor 
design, air flow rate, agitation rate and a number of other factors. For a 10 l laboratory 


scale fermentor, Кү a, was found to be ~ 150 een during the growth phase of the 


fermentation (2 


Dividing through by Henrv's low constant: 


ka, = [150 Mos) (0.88 аш 55801) 


3.67 х 10% s 
Effectiveness factor: Microbial growth on multiple substrates (here oxygen and glucose) 
is typically modelled using Monod type kinetics: 


(hr) = pm [es 


Rc = Сс 
By representing the reaction as first-order with respect to oxygen, we are essentially 
assuming a low oxygen concentration, relative to the intrinsic rate parameter, Ko: 


For a first-order reacrion, the effectiveness factor is: 


Д = EX cosh ф - 1) 
e 
пд = 0.45 
Reaction rate constant: 
k = Шах 22 83х10953 gag 1. 
* 34% 19482 5025 


Finally, assume an initial cell concentration of 0.25 g cell/l, the cell concentration equation 
now becomes: 


| всей |] 
3 „goell i ‚ЁС | 
(Cc - 0.25) 2. | 58. | | 
a tbe Suan 2211 4. | - eae - | in 4Сс са | 5 al 3 5 10 3 g Oz Я 
167x107s3 10.45) [0.26 — ~ 205 11 1 

[а \ gOs s] | 


27.23 (Cc - 0.25) + 12.8 In 4Сс = 00121 


Clearly, mass transfer from the gas to the Паша phase and internal diffusion play aportant 


roles in determining the cell growth rate. 
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Cell mas vs time. Start at 0.25 g/l 


б) Сс) аһ) Co (gf 
2 


0.25 5 11.15 

1.13 9 12.67 
2 2.37 10 14.21 
3 3.74 11 15.74 
4 5.17 12 17.28 
5 6.64 0.5 0.62 
6 8.13 1.5 1.72 
7 9.63 


From the graph it can be seen that growth starts out exponentially and becomes linear as the 
fermentation becomes limited by gas-liquid mass transfer. 


Sensitivity analysis: 
The gas-liquid mass transfer coefficient is related to the agitation rate to the 0.95 
power? шара №95 
What is the effect of increasing the agitation by 50%? 
kia = ky ay (1.59.95) 


= (3.67 x 102] 51 (1.50.95) 


= (5.39 x 102) 51 (see graph) 
Since cell growth has an exponential portion, another way to increase the growth rate 


would be to increase the innocuous size, Ссо. What happens when Ceg is quadrupled? 
Ceo = 1.0 g/l (see graph) 


From the results shown in the graph, a relatively small increase in the agitation rate leads to 
a Significant increase in the cell growth rate, while an increase in innoculum size means Шаг 
the fermentation reaches a gas-liquid transfer-lirnited state more quickly, but the growth rate 


remains the same. 
Cell Mass vs Time 


fora STA pr. fermentation 
18-4 
a 
14 ~ 
cell 
12 - 
mass 4 
(g/l) 10 | / ка = 3.67 x 10251 
Сер = 0.25 gf 
E kac $39x 10253 
84 Ceo = 0.25 gA 
| ка = 67x 10? s« 
Ф ren 


Cco = 19081 


sac: сады GARDE мл шемен еі ана г 
2 4 8 8 10 12 14 


t (he) 
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References: 


(NY: McGraw-Hill, 1977), Chapters 7 and 8. 
(2) G.F. Payne, PhD Thesis, University of Michigan, (1983). 


Sons, 1979), Chapter 9. 


CDP7-D wo solution will be given. 


Since the denitrification follows Michaelis-Menton kinetics, first determine V max 


and Ка from Lineweaver Burk plot. 


CONI Me Mee 
25 .04 35 4294. 2.800 
50 .02 38 .658 1.520 
75 42/3 44 852 1.173 
100 010 50 1.000 1.000 
200 (given) 005 66 (given) L515 0.660 


"€ T DR NET NEN initial [NOS 1/2 
Ww e me rate Of reacuon 1$ found by the rau: ir SE E АЛЫШ a ER 
5 шеи rime for 50% тедиспоћ 


lr 20 ~ 


0.5 a 55 =] 


0.00 0.01 0.02 0.03 0.04 
sba ppm! 
[мо] " 
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TEN ESPERE ли ati АИ пр алд 
T 


K id m 
Lineweaver Burk: L - [o2 l.l. where S = (мо 


V max mar 
ыш не а о а РТ 
From the plot, Vmax intercept n 
~ Ка = 165 ppm 


Next, need conversion as a function of time. 


Design equation: Nso 52. = ts У 

Rate Law: “tg = gu 

Stoichiomery: $ = Sof] - X) 

Cornbining: 50 dX = Мак 5 тр Lm 21 
! Tm a аны dX = Ми | a 
? 9 
х Ка «SX = Уюм: 


Finallv, V max ts Х- Ка In (1 2 Х) 
Know Vaga, Kin. 1 = 68 hrs = 4080 min 
а 1/1000 тла] [1 ppm 
= 025 (то (462 (1900 mg Еш Ж k 
So = 025 (mel) [as 8-72 | rej] = 11,500 ppm 
Iteration to find the conversion obtained after 68 hrs gives: X = 0.930 
The МО, | level is: (1 - 0.930) (11,500 ppm) = 805 ppm 
Since t, Ка, and So are fixed by the system, the change must be made in V max 


9! 1 хөрс > = | „а. а 
Desired conversion: X 11.500 ,9565 


~ Desired Уша, = 11:300 (2565) "E 1211 229989) 259523 ppm 


Since Ушак a [Ej] , increasing the concenmation of whole cells in the emulsion will increase 


| | .Jngcels 22. тесе | 

71273 ml emulsion ~ mlemulsion ` 

Therefore, increasing the cell loading to 52 mol would results in a level of [NO] < 
ml emulsion 

500 ppm after 68 hours. 


CDP7-F No solution will be given. 
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CDP7-G 
Mole balances in a CSTR 


ОС ~ DC, 
“DC, ту = 
BJ 1, 
Соз Cs = 5» 
е 
СОЁ 
T D 


the rate law as given is: 


Lc 


with the following: 


Using a volume of 200 dm‘ and a cell concentration of 50, get the best production 


of the L-malic acid. 


р 


ш 
a 
= 
E 


Th th 


cpstarsi.$9 


rpsvmax"Cs;(kmecs)h*il-Cp/cpstar)*cc 


CDP7-H 


Michaelis-Menton Kinetics: 


V Wh. 
К,„=62х 10? шш = 


umol 
Na = 9. 6 
mi - min 


"^ Yl 
Plugging those into POLYMATH and using di 


cpstar 


ro 


6.296 


E = 40 mg 
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fferent values of D and С, come up 


Mole Balance: 


X рад Se 
а К„+С„ 
Са = Са -Х) = х= LE 20586 


Where С, is the percent of fish oil. 
For most oils: 


density 0.9 


C, = ERE a = = 3X10 molml = 3х 10? umol/ml 


T" MW 300 


Cm CCS 
= [RS Sa “0 fac. = [oe dt = o a dt 
а 89 аси ; | 
> кшн =) жаба 365107, 
62 (7) *12 nin = 7106 min = 118.4 hrs 


75,610 2/3 


CDPT-I wo solution will be given. 


CDP7-J 
(a) No solution will be given, 
(b) | 
y-(ü-pp" у= j(= p) р" 


Х = = Рог X, ==5: р= 0.80 


Х,-10: р=0.90 
Х,=20: р=095 
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_ Use these equations to generate the desired graphs: 


y; ys. j for X, = 5, 10, and 20 м; уз. j for X, = 5, 10, and 20 


(OOS aec ce imus 
i 


| 


0.80 DEN 


0.20 + =>) 
0.60 =з” "nsi 


= | | = 040 7 | 
0.10 i. с 0:30 х 
E 0.20 - М. 
нх № 0.10 m 
MUR аны 
0.00 === Br. НИИ 0.00 ore Re SES ч rore reed 
0 20 ‘ H 0 20 40 60 80 100 


P, = M,(1- p} p =M,(1~p)'p? 
Use the above equation to generate a graph of P, vs. p: 


P ја VS. В 


0.005 


0.004 


ы маа кааны | 


фоны 


= 0.003 
0.002 


0.001 


—— 


0.000 ooo ro RERUMS. 
0 0.2 0.4 0.6 


(с) Yj шш (j Жы га Б. p) p^? 7 a i ia E p) ^ Юр”? 
Use these equations to generate graphs of y; and чу; vs. ). 


у; vs. j for p = 0.80, 0.90, and 0.95 
0.08 + 
0.06 
0.04 + 
0.02 T ^. 
-0.02 
-0.04 4 
-0.06 - 
008. 


w; vs. j for p = 0.80, 0.90, 0.95 


0.07 M —— 


0.06 + ^ 


0.03 
_ 0.04 


Ч | > : | 
0034: A 
ЕРУ 
0.02 +; Se 


хө а а тетт неч 


ч. 


0.01 


о Tut 
i: 
i 
i 
1 
4 


PP 
d 
У, 


0.00 


D 

Фу 

© 
Павао 78 


() М.-ш.М,ш--М 


M, = МА =M, we 


D s === 01-р) = | +р 
Ha (28) Р) 


We must find the value of p. 


зк, x 
em БЭ -1|=-0.067 
M, | kk. 52 


M = 2.803 
L = L,exp(-k,t) = (0.00 Dexp[(-1.4 x 107 Y(14, 400)] = 2.794 x10? 


oig T ee т = 0.99991 


This can then be used to calculate the desired vines 


Ма С ыша 
1-- 0.99991 
(e) Mole fraction of polystyrene of chain length 10 (y 4). 


I, = Lexp(-k,t) 

| (Sk! fT, Y f екг | 

М = M exp Ағы =) - || 
ШЕНІНЕ 2) ) 

р= д = РЯ KM 


k, Mk, M+ kt ek FL) 
y, =(1-p)p"™ n=10 


Use the above equations to plot y, vs.t:: 
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CDP7-K 


Reaction 


aa 
Yr one X M, Ra) & +), У ЕК, MR, +k, CR, +k,SR,  k,IR,) 
Let $ R, = Е 


Sir =n tR (kM 68,544) | 


Р E 


M 4-1 
ae alee REM ARS Е.Г) | on 1% тела 
cr k, kM kM 


КМК” 


< 
z 
| 
НЕЯ 
х 
à 


ma s ет ! 
ы БЕ RIO DACH n bs ILE 
ғ, k, КМ kM 7 | М k, КМ kM 


{c) From the above derivation we know that 


Хы KQ, ым kM 
Neglecting the solvent term and rearranging yields: 

і 5. Ка. ESL al) Ка, Кы 
Xs чу К КМ (au) К, М 


Substituting in for -ry and т, and simplifying: 


Xi ky MC) | k "ES 
k^ (2k,f(L Jk.) kM 
4 KGa) „Ка m 
X. КМ) k, ЮМ 


(d) То determine rate on parameters experimentally from a CSTR both the final X, 
value and the final concentrations of M and I must be recorded. These data can be 
used in the above equation to find values for the parameters. 


(e) An increase in temperature would cause an increase іп all three primary steps of 
free-radical polymerization (initiation, propagation, and termination). By looking at 
the overall rate law: 


it can be seem that the greatest effect of temperature would be on propagation. 
Overall, there would be an increase in monomer disappearance and an increase in 
polymerization. 


-----------------------------------------------------------..-.-.---- 


а) РЕК 
ам dl, 
ттен ылы as Ім Ded П. 
ат dt i 
k, M 2k Lf г = Ко 
Hm oe re р“ | X 1 е. 052 
t 
Plug those into POL YMATH to get this graph. | 
Equations: Initial value | 
d(m)/dicau) яхта 3 
diil/di(taubzeri fot 
kp-l ? Variable initial value Maximum alue Minisue value Бізді value 
Кошіе-3 sau a 39993 5 79993 
т 3 3 2.97319 2 97123 
Била i 6.0i да 5.06171e-38 85.061716-148 
С=5ђе7 хр 29 12 19 16 
А 3 хо 9.0601 9.2901 2.15 9.202 
gud Е 2,5 3.5 0.8 9.8 | 
rmeckp*mtsqrc(2*ko"i*"z/Kt] kx 58-07 Sera? бөз? 86-07 | 
Y ш 6 КЕ "íe-08 - 081115-41 | 418:08 -$.061718-42 | 
лш Аш. саме = 79998 zm -1.141846-08 — -2.99158€-23 =i 34540-05 — «2 991358622 | 
| 
| 
| 
| 
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Gc aie: 
х 19982 5% SMS 
2.285 өз” 
2385 44 2.3652 : 
Sus: rix | 3.265 ja 
53 
Ғы xum sent элет ira 
2.271 esM M 5. ^90 82520“ 1.800 
CSTR: : 
My-M=~tutt L,-L =n, T | -— 
i х : : о от. 56 
The rate laws are the same so again using POLYMATH the following grap 
generated. 
Monomer vs space time CSTR Initiator Concentration vs Space Tima CSTR 
и 
814: еее а фо иене 
Жота; ы + + A 6009 ~ Y 
Е 271 : 5 олдов Ї р 
$ 26+ ! B ала? | 
Sas | ! = 9.006 | | 
9 24 Ї ! 8 9495: ! 
8 23 1 5 0004 | 3 
5 22 | i E 9.003 5 | 
8211 | 5 9.002 р : 
22251: Таспаны за ыды te, c ad алд 8 зоо i. | 
6 50000 300000 150000 200000 250000 100000 = EE d 
AI 2 54000 — 100000  :50000 200000 250000 
Tau, 175 
Equations: zaitia 
É (n) zm-mo-ru* tau 245 
É(i)jzi-io-zi*tau 8.001 
то=3 
сац=бе11 
ioz.01 
крз1( 
kozle-3 
£2.58 
ke=5e7 
гіл-КоЖі 
rmz-kp*m*sqriti2*ko*i*£/Kkt) 
b) For two CSTRs, the design equations change just a bit. 
T T 
М.-М men, 5 queso o 
USB Ї м, 20 ži ғ. 
2 ! al 2 
t T 
М,-М, = сы, 5 D v le или ^ 


The rate laws are the same with the exception that instead of just L or M, Lo das 


M,, or M, are used depending on which reactor they came from and the following 
graphs are generated. 
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One CSTR vx Two CSTRS One CSTR vx Two CSTRs 


m SM Sr Tere се. 
| | ! 
ж : : 
гэр 1 ! 
ја ! . 
295. м i 
os у, | 
a 1 on ; : тебі 
§ enn Mm i on 
= . My | ті из 
pe POE | вм 
Ж oe в | » 
H а : 
8 . “ | 
ју * : өзе ! 
zas * F \ | | 
ы $ 9 eee ieee eles ete. a Ч 
ж | 4 39900 109060 130900 200000 250000 
Н 
Жа араа — ———————ÓÀ Tau, 129 
a 50009 100600 130000 200000 250900 


Үш 


c) Making k, bigger causes L, to decrease rapidly and M does not get formed 
as much. Increasing k, causes M to decrease slightly, but not by that much. 


Increasing k,, causes M not to decrease by very much staying very close to 3. 


CDP7-M No solution will be given 


CDP7-N 
ГЕМ--%2 R, 


ky 
К, ПШ? — E К,, 


-n =k MI 
a) Balance on I 


“ty = К,МІ+К МУ В, 


АЎ В, =1,-1 
jei 


Ty КМ + k, M(T, 2 1) 
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Balance on M: 
М-М _ М-М 
мо КМГЕК,М(1,-1) 


=> ТЕМЕ + tk, M(I,- Пе Mj - M 


oA 2 — H7 PE 
“Leth ° 
= lM + Tk КМ = (M, ~ Мм) 


=> (к )м e (171 ~ «M, n - My =0 


м М) И-М, 


291+ un) 


5) Tg = =k MI +k MR, 
Balance on R, 
D NE | км | 
ЕМГ. tk, „МЕ, (1+ tk MJ 
“tg, = ~k, MR, + с MR, 
Balance on R, 


a OR = p{ M) 
МЕ + k EMR C : 1+ tk,M 
Similarly, 
| %,М | 
3 ла: 2 шыдас ыды 
Lek Mt 
Pa 
part SM | 
^ 77 
_ | ом | ‚м 14 
2 m M ДЕЯ, м) 
HM) «м ү 
1 «M (i+ k M ) 
h k( *M | 
ТЖМ ki, M. 
с) Initiation Rate constant К, < < к, propagation rate constant 
Hence, nearly no change in the concentration of Initiator (1). 
Mo 1 
lo 1 
ki 0.015 
kp 1060 
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за (а ,)М, 
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CDP7-O 


a)With the reaction self catalyzed the mole balance and rate law becomes: 
a|COOH 3 
- = = (С00Н | 


We can then get [COOH] as a function of time. The following graph shows both 
the given values of p and the calculated value as a function of time where 
[COOH |, ~ [COOH] 
р а АО алели 
[COOH], | "E 


p vs fime 


И appears to follow this above 500 min. 
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b) The new mole balance and rate law is: 
_ 15008] _ исоонјонјји' | 
dt 
(ОН|-1СООН) 
СООН2СОО7-Н! 
к Lob 
Я [COOH] 
[соо |= [s ] 
[#*] = K,,[COOH] 


Solving for [COOH] as a function of time gives the following graph: 


p vs time 
e $ e 8 7 
500 3000 1500 2000 


time 


It follows the data above 200 min. 


с) This mechanism сап be made to fit either rate law, depending on whether HA 
dissociates before or after the first reaction. 
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Fogler 7-24 Solution 
Problem Statement: 


In biotechnology industry, Е. coli is grown aerobically to highest possible concentrations іп 
batch or fed-batch reactors to maximize production of an intracellular protein product. To 
avoid substrate inhibition, glucose concentration in the initial culture medium is restricted to 
100 grams/liter in the initial charge of 80 liter culture medium in a 100 liter capacity 
bioreactor. After much of this glucose is consumed, a concentrated glucose feed (500 g/l) 
will be fed into the reactor at a constant volumetric feed rate of 1.0 liter/hour. When the 
dissolved oxygen concentration in the culture medium falls below a critical value of 0.5 
mg/liter, acetic acid is produced in a growth-associated mode with an a of 0.1 g acet/g 
cellmass. The by-product acetic acid inhibits cell growth linearly, with the toxic 
concentration (no cell growth) at Cp* of10 g/liter. Find the optimum volumetric flow rate 
that will maximize the overall rate of cell mass production when the bioreactor is filled up 
and if the feed is turned on after glucose falls below 10 g/l. Inoculum concentration is 1 g 
cells/liter. 


Additional parameters: 
Umax = 1.2 hr”, Ко =1.0 21 , Ко = 1 mg/l, Yu = 0.5 g/g, Ұры = 0.3 g/g, док = 1000 mg/g 


Oxygen mass transfer rate ky a = 500 нг", Saturation oxygen concentration Со2*= 7.5 mg/liter 


C У 
r= H max С, | О; eo С. 
E K, +C K, tC, 6. 


dC, ы 
2s => k, a(C;, = Ca )- до,” | 


Increase the value of mass transfer rate (up to 1000) ог the saturation oxygen 
concentration (up to 40 mg/liter) to see if higher cell densities can be obtained in the fed- 
batch reacator. 


(a) list ways you can work this problem incorrectly. 
(b) How could you make this problem more difficult? 


(Contibuted by Prof. D. S. Kompala, University of Colorado) 


Solution: 


This problem is solved numerically in three parts, using the following equations on 
Berkeley Madonna package: 


cn и nef 


The first time period covers the simple batch culture, when glucose and dissolved oxygen 
are being consumed for cell growth. 


METHOD Stiff 


STARTTIME = 0 
STOPTIME = 3.4 
DT = 0.02 


INIT G =100 
INIT X = 1.0 
INIT О = 7.5 
INIT P=0 


mumax = 1.2 
KG= 1.0 
KO = 1.0 
Yxs = 0.5 
Yps = 0.3 

q = 1000 
kLa = 1000 
alpha = 0 


ЗАТО = G/(KG+G) 
SATO = ОККО+О) 
SATP = 1.0 - (P/10) 


mux = mumax * SATG*SATO*SATP*X 


d/dt(X) = mux 

d/dt(G) = - mux/Yxs 

d/dt(O) = kLa*(7.5 - O) - q*mux 
d/dt(P) = alpha*mux 


The numerical simulation results shown below identifies the time at which the dissolved 
oxygen concentration falls below the critical value of 0.5 mg/liter, triggering the 
formation of the by-product acetic acid. 


From the simulation results, we find that the dissolved oxygen concentration falls below 
the critical values of 0.5 mg/l at the batch culture time of 3.64 hours. At that time, the 
glucose concentration has fallen to 67.1 g/l and cell mass concentration has growth to 
17.45 g/l. The by-product acetic acid concentration remains zero through the early batch 
culture, as the dissolved oxygen concentration is above the critical level throughout this 
time. In the program above, the parameter alpha is set to zero to ensure that no acetic acid 
is produced. 
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Run 1: 43 steps in 0 seconds 
Е 18 


In the second part of the batch culture, acetic acid is getting produced and glucose is still 
above its set point of 10 g/l, when the concentrated glucose feed is added to the 
bioreactor. 
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The program equations are given above slightly modified to change the alpha value to the 
given value of 0.1 g acetic acid/g g cell mass and integrated from the end of first part of 
batch culture. 


Run 1:25 steps in 0 seconds 
у mum - 45 | 3 ЊЕ 


тор 
"endis 


'50 


: 5, 4 : 


204, 


Е 66 ЖБ 223 
| | | О TIME | | m 


From the simulation results, we see that glucose concentration reaches the predetermined 
value of 10 g/l (for turning on the feed) at 7.65 hours of batch culture. At that time, the 
cell mass concentration has reached 41.02 g/l and the by-product acetic acid 
concentration has reached 2.85 g/l. Using these values as the initial conditions for the 
third part of culture, a glucose feed is added and the balance equations are therefore 
modified to include the dilution of all bioreactor contents with the fresh nutrient medium. 
The modified program equations are shown below: 
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METHOD Stiff 


STARTTIME = 7.65 
STOPTIME = 209.5 
DT = 0.02 


INIT G =10.0364 
INIT X = 41.8957 
INIT О = 0.1978 
INIT P = 2.85834 
INIT У = 80 


mumax = 1.2 
KG = 1.0 
КО = 1.0 
Үхз = 0.5 
Yps = 0.3 
kLa = 1000 
alpha = 0.1 
vin = 0.1 


ЗАТО = G/(KG+G) 
ЗАТО = ОККО+О) 
ЗАТР = 1.0 - (Р/10) 


mux = mumax * SATG*SATO*SATP*X 


d/dt(X) = mux - X*vin/V 

d/dt(G) = - mux/Yxs +(vin/V)*(500 - G) 
d/dt(O) = kLa*(7.5 - O) - q*mux 

d/dt(P) = alpha*mux - P*vin/V 

d/dt(V) = vin 


The constant value for vin, the volumetric feed rate can be systematically varied to find 
the highest cell mass concentration, when the reactor volume gets filled, i.e. becomes 100 
liters. Simulation results for different vin values are tabulated below: 


vin time, hrs Volume X cell concent 
0.05 407.8 100 87.53 

0.1 208 100 87.58 

0.2 107.7 100 87.6 

0.3 75.83 100 87.5 

0.4 57.4 100 87.3 
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0.5 47.7 100 87.5 
0.6 41 100 87.6 
0.7 36.2 100 87.5 


It is clear from these simulation results that volumetric feed rate does not make a strong 
difference in the final cell mass concentration. The time for filling up the reactor volume 
to 100 liter is of course strong affected by the volumetric feed rate 


It is expected if the Кга is smaller, then the acetic acid production will be higher. In that 
case, the volumetric feed rate will have a significant effect on the maximum cell mass 
concentration achieved in the fed batch reactor. 


These simulations nevertheless provide a useful introduction to the concepts of fed-batch 
culture. 
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Solutions for Chapter 8 - Steady-State Nonisothermal Reactor 


Design 
P8-1 Individualized solution 
Р8-2 (a) Example 8-1 
For CSTR 
КЕ E 


tk tAe У d 


l+tk 1+Ae EAT 
One equation, two unknowns 
Adiabatic energy balance 
T=- ой 
Ср, 
In two equations and two unknowns 
In Polymath form the solution 


тАе HRT 
f(X)= Х- 14 Де ЕТ 
(jhe 
г. 


Enter X, A, E, В, Cp, ‚ То and AHg, to find т and from that you can find V. 


P8-2 (b) Example 8-2 
Helium would have no effect on calculation 


ао АС In)... 
-| Нь, +ACp(T-Tp | 


2 
_ 1270 100 =5.47% 


23,210 


P8-2 (c) Example 8-3 
(а) У-08ш 


See Polymath program P8-2-c.pol. 


8-1 


D: 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 0.8 0.8 

X 0 0 0.5403882 0.5403882 
Сао 9.3 9..3 9.3 9.3 

Fao 146.7 146.7 146.7 146.7 

T 340 340 363.39881 363.39881 
Kc 2.8783812 2.4595708 2.8783812 2.4595708 
k 8.5452686 8.5452686 38.191248 38.191248 
Xe 0.7421605 0.7109468 0.7421605 0.7109468 
ra -79.470998 -110.4184 -79.470998 -85.208593 
rate 79.470998 79.470998 110.4184 85.208593 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] Cao=9.3 
[2] Fao = .9*163 
[3] T2 340+43.3*Х 
(41 Кс = 3.03*exp(-830.3*((T-333)/(T*333))) 
[5] k=31.1*exp(7906*(T-360)/(T*360)) 
[6] Хе = Кс/(1+Кс) 
[71 ra = -К*Сао*(1-(1+1/Кс)*Х) 
[8] rate = -га 


РЕВ | 
T 330 340 350 370 390 420 450 500 600 
X 0.26 0.54 0.68 0.66 0.65 0.62 0.59 0.55 0.48 


0.2 


^330 384 438 . 492 _ 546 600 


Е CSTR has the same trend. 
P8-2 (d) Example 8-4 
Counter-Current: Guess T, at V = 0 to be 330 and it will give an entering coolant temperature of 310 
К. 
See Polymath program P8-2-d.pol. 
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POLYMATH Results 
No Title 08-17-2005, Rev5.1.233 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


final value 


V 0 0 5 

X 0 0 0.7797801 
T 310 310 344.71423 
Ta 330.7 310.16835 335.79958 
Cao 9.3 9.3 9.3 

Еао 14.67 14.67 14.67 

Ke 3.6518653 2.7812058 3.6518653 
к 0.9004084 0.9004084 11.763976 
Хе 0.7850325 0.7355341 0.7850325 
ка -8.3737978 -27.114595 -0.0460999 
dHrx -6900 -6900 -6900 

Ua 5000 5000 5000 

Cpo 159 159 159 

rate 8.3737978 0.0460999 27.114595 
m 50 50 50 

Cpc 75 75 75 


ODE Report (RKF45) 


Differential equations as entered by the user 

11 d(X)d(V) = -ra/Fao 

221 d(Tyd(V) = ((ra*dHrx)-Ua*(T-Ta))/Cpo/Fao 
[31 d(Ta)/d(V) = -Ua*(T-Ta)/m/Cpe 


Explicit equations as entered by the user 

[1] Cao=9.3 

2] Fao = .9*163*.1 

3] Ke = 3.03*exp(-830.3*((T-333)/(T*330))) 
41 k=31.1*exp(7906*(T-360)/(T*360)) 

1 Хе = Кс/(1+Кс) 

1 та = -К*Сао*(1-(1+1/Кс)*Х) 

1 анх = -6900 

1 Ја = 5000 

] Сро = 159 
0] rate = -га 
i] m=50 
21 Cpc=75 


P8-2 (e) Example 8-5 


5 

0.7797801 

310.83085 

310.16835 

9.3 

14.67 

3.6255777 

0.9639302 

0.7838108 
-0.0460999 
-6900 

5000 

159 

0.0460999 

50 

75 


At V =0, T, = 995.15 апа gives a counter current entering temperature of 1250 K. 


See Polymath program P8-2-e.pol. 


н инна =: 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


V 0 0 0.001 
X 0 0 0.3512403 
T 1035 972.39417 1035 
Та 995,15 986.00676 1249.999 
Fao 0.0376 0.0376 0.0376 
Cpa 163 163 163 
delCp -9 -9 -9 
Cao 18.8 18.8 18.8 
To 1035 1035 1035 
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final value 
0.001 
0.3512403 
1034.4748 
1249.999 
0.0376 
163 

-9 

18.8 

1035 


пе 


dHrx 7.414Е+04 7.414Е+04 7.47Е-04 
га -67.304 -67.304 -6.3363798 
Ua 1.65Е+04 1.65Е+04 1.65Е+04 
mc 0.111 0.111 0.111 
Cpe 34.5 34.5 34.5 


ODE Report (RKF45) 


Differential equations as entered by the user 

[1] d(X)/d(V) = -ra/Fao 
[21 d(T)/d(V) = (Ua*(Ta-T)+ra*dHrx)/(Fao*(Cpa+X*delCp)) 
31 d(Tayd(V) --Оа“Т-Та)/тс/Срс 


Explicit equations as entered by the user 
[1] Fao = .0376 

[2] Сра = 163 

з] delCp =-9 

41 Cao= 18.8 

[5] To= 1035 

6] dHrxz 80770+delCp*(T-298) 

7] ra = -Сао*3.58*ехр(34222*(1/То-1/Т))*(1-Х)*(То/Т)/(1+Х) 
8] Оа- 16500 

[9] mcz .111 

[10] Срс = 34.5 


(b Р8-2 (f) Example 8-6 
Energy balance will remain the same 


Хи 22x10? (T- 300) 


for 2А — 2B 


1st Order 


(o P8-2 (g) Example 8-7 


7.414Е-04 

-31.792345 
1.65Е+04 
0.111 
34.5 


—————— 


Both X, and Xgg will change. The slope of energy balance will decrease by a factor of 3. 


NU 


T 
Also X, will be more temperature sensitive 
AH 1 1 
К. =K,exp——* furis 
R (Т T 


The dotted line in the plot below shows an increase in -АНрх 


(d) Р8-2 (ћ) Example 8-8 
(1) Cao will decrease but this will have no effect 
(2 twill decrease 


401.1 ft? 
(uec 
466.1 ft? /s 


(3) Іп фе energy balance the slope of the energy balance of X vs. T will be greater 
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>Ө(Ср, = 35 + (18.6518) +4 x (.67Y19.5)- 35 + 335.7 +130.2 


BTU 
kmol°R 


=501 


Basecase 


= = = Change QM 
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Less Conversions 


P8-2 (i) Example 8-9 
Change Cp = 29 and -AH = 38700 


POLYMATH Results 
NLES Solution 


Variable _ Value £ (x) Ini Guess 
X 0.7109354 2.444E-11 0.367 

T 593.6885 1.2Е-09 564 

tau 0.1229 

A 1.696Е+13 
Е 3.24Е+04 
R 1.987 

k 20.01167 


NLES Report (safenewt) 


Nonlinear equations 
11 f(X) = X-(397.3*(T-535)+92.9*(T-545))/(38700+7*(T-528)) = 0 
21 f(T) = X-tau*k/(1+tau*k) = 0 


Explicit equations 

11 tau = 0.1229 

121 A= 16.96*10^12 
3j Е = 32400 

41 R= 1.987 

[5] k= A*exp(-E/(R*T)) 


Vary the heat exchanger area to find the effect on conversion. 


P8-2 (j) 
a = 1.05 dm? 
See Polymath program P8-2-j.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 
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пенни 


Variable initial value minimal value maximal value final value 


V 0 0 1 1 

Fa 100 2.738E-06 100 2.738E-06 
Fb 0 0 55.04326 55.04326 
Fc 0 0 22.478369 22.478369 
T 423 423 812.19122 722.08816 
У 1 0.3120454 1 0.3120454 
kla 482.8247 482.8247 4.484E+04 2.426Е+04 
k2a 553.05566 553.05566 1.48Е%07 3.716Е%06 
Cto 0.1 0.1 0.1 0.1 

Ft 100 77.521631 100 77.521631 
To 423 423 423 423 

Ca 0.1 2.069Е-09 0.1 2.069Е-09 
сы 0 0 0.0415941 0.0415941 
Ce 0 0 0.016986 0.016986 
rla -48.28247 -373.39077 -5.019Е-05 -5.019Е-05 
r2a -5.5305566 -848.11153 -1.591E-11 -1.591E-11 
Fto 100 100 100 100 

alpha 1.05 1.05 1.05 1.05 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Fayd(V) = г1а+г2а 
[2] d(Fb)/d(V) = -rta 
[3] d(Fe)/d(V) = -r2a/2 
[4] d(T)/d(V) = (4000*(373-T)+(-r1a)*20000+(-r2a)*60000)/(90*Fa+90*Fb+180*Fc) 
[5] d(y)/d(V) = -alpha/2/y*(FU/Fto) 


Explicit equations as entered by the user 
[1] kia 10*exp(4000*(1/300-1/T)) 
[2] k2a = 0.09*exp(9000*(1/300-1/T)) 
[3] Cto 2 0.1 
[41 Ft=Fa+Fb+Fe 
[5] To= 423 
[6] Ca = Cto*(Fa/Ft)*(To/T) 

[7] Cb = Cto*(Fb/Ft)*(To/T) 
[8] Cc=Cto*(Fe/Ft)*(To/T) 
[9] rla=-kta*Ca 

[10] г2а = -к2а*Са^2 

[11] Но = 100 

[12] alpha = 1.05 


(e) Р8-2 (К) Example 8-11 
Vary UA 
ОА = 70,000 J/m? eseK 
only the lower steady state exists at T = 318 К Sgc = 0.05 
UA=60,000 J/m? eseK 
only three steady states exist T = 318, 380 (about) and 408 (about) depending how you read the 
intersection on the graph. 
UA = 700 J/m? eseK 
only three steady states T = 300 (about), T = 350 (about) and one are a very high temperature off the 
scale of the R (T) and G(T) plot. 
In all cases Spc remains low at 0.05, meaning that the reaction has neared completion to form 


species C therefore reactor is too large. 


Vary Т, 


Ty = 275, very little effect. 


Vary t 


т= 0.001 only the lower steady state at T = 316 about and other off scale Sge = 0.05 
z = 0.0001 only are steady state at Т = 316 and others off scale Звс = 0.05 


т =0.00001, Spo =5 


However, the upper steady state is off the graph and needs to be studied 


(0 Р8-2 (D) Example PRS P8-4.1 


dp Po, 221 


1 


Мо effect for turbulent flow if both dp and Р changed at the same time. 


P8-2 (m) Example T8-3 
m, = 200 g/s 


POLYMATH Results 


Calculated values of the DEO variables 


Variable initial value minimal value maximal value final value 
W 0 0 4500 4500 

Ta 320 320 334.77131 334.77131 
y 1 0.3044056 1 0.3044056 
T 330 330 385.31436 338.18498 
X 0 0 0.5645069 0.5645069 
alpha 2.0E-04 2.0E-04 2.0Е-04 2.0Е-04 
To 350 350 350 350 

Uarho 0.5 0.5 0.5 0.5 

Mc 200 200 200 200 

Cpmc 18 18 18 18 

Hr -2.0Е+04 -2.0Е+04 -2.0Е+04 -2.0Е-04 
Бао 5 5 5 5 

thetal 1 1 1 1 

CpI 40 40 40 40 

CpA 20 20 20 20 

thetaB i 1 1 1 

Срв 20 20 20 20 

Cto 0.3 0.3 0.3 0.3 

Ea 2.5Е+04 2.5Е-04 2.5Е+04 2.5Е+04 
Кс 66.01082 0.8247864 66.01082 31.551036 
ka 0.046809 0.046809 11.205249 0.1177827 
yao 0.3333333 0.3333333 0.3333333 0.3333333 
хе 0.8024634 0.3122841 0.8024634 0.7374305 
Cao 0.1 0.1 0.1 0:2; 

sumcp 80 80 80 80 

Ca 0.1060606 0.0137198 0.1060606 0.0137198 
Cb 0.1060606 0.0137198 0.1060606 0.0137198 
Ce 0 0 0.0724316 0.0355685 
ra -5,265E-04 -0.0143957 -1.745Е-05 -1.745Е-05 


8-9 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(TaYd(W) = Чато*(Т-Та)/(Мс*Сртс) 
[21 d(y/d(W) = -alpha/2*(T/To)/y 
[3] d(TYd(W) = (Uarho*(Ta-T)+(-ra)*(-Hr))/(Fao*sumcp) 
[4] d(X)/d(W) = -ra/Fao 


Explicit equations as entered by the user 

1] alpha = .0002 

2] То = 350 

31 Џато =0.5 

[4] Ме = 200 

[5] Сртс = 18 

6] Нг= -20000 

7] Fao=5 

8] thetal = 1 

[9] Ср!=40 

[10] CpA=20 

[11] thetaB = 1 

[12] СрВ-20 

[13] Cto=0.3 

[14] Ea = 25000 

[15] Ke = 1000*(exp(Hr/1.987*(1/303-1/T))) 
[16] Ка = .004*ехр(Еа/1.987*(1/310-1/Т)) 
[17] yao = 1/(1+thetaB+thetal) 

[18] xe = Kc^0.5/(2+Kc^0.5) 

[19] Cao = yao*Cto 

[20] sumop = (thetal*Cpl+CpA+thetaB*CpB) 
[21] Са = Сао*(1-Х)*у*То/Т 

[22] Cb = Сао*(1-Х)*у*То/Т 

[23] Сс = Cao*2*X*y*To/T 

[24] га = -ka*(Ca*Cb-Cc^2/Kc) 


Р8-2 (п) 

(1) The concentration of А near the wall is lower than in the center because the velocity profile is 
parabolic. This means near the walls the velocity is much lower and therefore the time space near 
the wall is much larger than in the center. This means the reaction has longer to take place and 
conversion will be higher near the wall. Thus the concentration is lower. 


Below is the FEMLAB solution. 
1. Parameters in simulation on the tubular reactor from Example 8-12 (First Order reaction): 


Reaction: A+ B — C 
A- propylene oxide; B- water; C- propylene glycol 


(1) operating parameters 
Reactants 
€ Feedrate оҒА Едо = 0.1 mol/s 


FAM, 041х581х107 
830 


© Inlet flow rate of A у, = -7х107 ms 


A 


кеннен ки лын е 


Inlet flow rate of B ур, = 2.5x2xv,, 235x105 m/s 
€ Inlet total flowrate v, = 2V 4) +У = 14x10 5 +35x10° = 49x10 ms 
Кыт 01 
7, 49x10° 
Еш _ Ynos 35х107% x1000 


жым салы Е 
у Муу 18x10°x49x10° 


€ Inlet concentration of A Cy) = = 2040.8 mol/m? 


@ Inlet concentration of B C,, = 


€ Inlet temperature of the reactant T, = 312K 


Coolant flowrate, m; = 0.01 kg/s 
Inlet temperature of the coolant, Tay = 298 K 


(2) properties of reactants 

e Heat of reaction, АНр,, dHrx = -525676+286098+154911.6=-84666.4 J/mol 
e Activation energy, E = 75362 J/mol 

e Pre-exponential factor, A = 16.96x1012 /3600 1/5 

e Specific reaction rate k, = 1.28/3600 1/5 @300K 


Боб ud E 

e Reaction rate k =k, exp! —(—-—) | or k = Aexp| - — 
КТ, Т RT 

e Gas constant, А = 8.314 J/molK 

e Rate law —r, = КС, 

e Thermal conductivity of the reaction mixture, ke = 0.559 W/mK 

e Average density of the reaction mixture, p, rho = 1000 kg/m’ 

e Heat capacity of the reaction mixture, Cp = 4180 J/kg-K 

e Diffusivity of all species, Diff = 10° m?/s 


(3) properties of coolant 
e Overall heat transfer coefficient, U, = 1300 J/m^s-K 
e Heat capacity of the coolant, Cp; = 4180 J/kg-K 


2. Size of the Tubular Reactor 
e Reactor radius, Ra = 0.1 m 
è Reactor length, L = 1.0 m 


2. Femlab screen shots 
(1) Domain 


Fy axis equal 


rtzlimits 


(2) Constants and scalar expressions 
- Constants 


(3) Subdomain Settings 
- Physics 
(mass balance) 


f Equation..— 


| V«CDVcA«cAU) = В, cA = Concentration 


| Library material | 


боп 


Quantity 2 г : 
-scaling coefficient 


E | Hes б, й. 
! 115 
| | Do] GbDisotropic 


Diffusion coefficient 


CD anisotropie: |: iffusion coefficient | 


З Е] Select by group 
Active in this domain 
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——— 


(Energy balance) 


з Equation 
i VeCkVT + Zn) =a- рит, T= temperature 
‘Subdomain selection Í Init : Element | 
“Thermal properties and heat sources/sinks 


Library material b "m й E Load... | 
Quantity ValueExpression Description 
5, А ________| Time-scating coefficient 


| © к (isotropic) hermal conductivity 


1 С) k (anisotropic) 


| 
‘Species diffusion inactive 


{ [Z Active inthis domain |. | (апааа отчет.) 


(Cooling Jacket) 


| Equation 
Ver =F 


Subdomain selection 


lement Weak | 


i 
$ 
i 


Е = Taz-2*pi*Ra*UK*(T-Ta)/(CpJ*mJ) 
- Initial values 
(Mass balance) сА(10) = сА0 
(Energy Balance) T(t0) = TO 
(Cooling Jacket) Та(10) = Тао 


- Boundary Conditions 
@ r = 0, Axial symmetry 
€ inlet, СА = cAO (for mass balance) 
T=TO (for energy balance) 
@ outlet, Convective flux 
@ wall, Insulation/Symmetry (for mass balance) 
40 = -Uk*(T-Ta0) (for energy balance) 
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ЕРЕ coetficients <> MORE UNE e XL. 


Coefficient ValueExpression Description 


| F d. __|их vector 
| БРЕ ИКАТ. “ТажСфе | Sourcéterm 

1 BARCHE AMT RENS IAD OEIC а { 
| 2s 0. |МавшсоёПонф | 
E] Select by: group | 
М Active in this domain | | 


НИ 


(4) Results 


(Concentration, cA) 
on. + РЕ First order reaction.fl 


(Temperature, T) | 
nduction (Energ&yBalance) : PH-2(n). First order reacti | | 
321772. 
у [328 276 
pes 324. 374. 
320473 
4316 571 
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Second order reaction 
[1] Domain 


: p phi limits 


[2] Constants & Scalar expressions 
(1) Constants И 
_ Expression... 


(2) Scalar expressions 


 EBO-cADXA —— 
Z^ CAD'xA 


OOOO GAVE 
| 
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.femUexp(dHrxR'CHBO3477) 0 


pé'exp(-EmuTyrhoCe'CcA "cB-cCMen) —— 


== 


| 
И 
| 
! 


eel ncn 


[3] Subdomain Settings 
(1) Physics 
(Mass balance) 


mm DIM ооо 
ace D¥cA+cAu) = f СА = concentration заны? | 
uu Е iba 


ubdomain selection: 


| 30 isotropic 
©) D'ünisotiapie 


(Energy balance) 


Gk (гогон) 


| On (anisotropic) 


(Cooling Jacket) 


(Source Term) 
Е = Taz2*pi*Ra*Uk*(T-Tay(CpI чад) 
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| 
| 
| 
| 
| 
| 
| 
| 
i 
| 
И 
H 


(2) Initial values 

(Mass balance) cA(t0) = cAO 
(Energy Balance) 7(0) = TO 
(Cooling Jacket) Ta(t0) = Тао 


(3) Boundary Values 
@ r = 0, Axial symmetry 
@ inlet, cA = cAO (for mass balance) 
T=TO (for energy balance) 
@ outlet, Convective flux 
@ wall, Insulation/Symmetry (for mass balance) 
40 = -Uk*(T-Ta0) (for energy balance) 


[4] Results 
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P8-4 


Find the reactor temperature at steady state (prior to shutdown) 
Let M = mass of the NH4NO3 in reactor. 
Fao = lbs/hr of NH4NO3 fed to the reactor. 
Mass balance: F4, — F,,(1— X) =—r,V = kM 
_ КОМ 
F AQ 


X 


Energy Balance: 

-F o > АН —H,T)]+ Е ХАН, (Т)-Е,(1-ХАН,-0 

Where НКТ) is the enthalpy of i at the temperature of the reaction, AH,, is the heat of vaporization 
of A, and АН, (T) is the heat of reaction at the outlet temperature. 
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NH ,NO(l) > 2H,0(g)+ N,O(g) 
А->2В-С 


The last term Ғ,,(1- Х)АН,, accounts for the unreacted NH4NO3, which exits as vapor rather than 


the liquid. Now, we can make some substitutions 


47 
8, === ба 71,6, =0 


Heat capacity of A is given, and the enthalpy change for water 200? F (1) — 500? F(g)is also given. 


So, after dividing by Fao, we obtain 
Ca (T - 200) + 6,1Н „(500 F) +С, (T – 500)]+ AH ,, X + (1- X)AH,, =0 


The previous equation assumes that the heat capacities are constant over a reasonable temperature 


range. 
the phase change NH,NO(aq) — NH ,NO(l)is isenthalpic. 
In addition, we must account for the effect of the temperature dependence of AH pyn - 


44 
AH pn (T) = AH py T4) + (T ТО Cp Са] = АН Tr) + (T -ТОАС, 


Let АН „„ = На (500) — H, (200) , we have 
С,„(Т — 200) + 0, (AH, + C, (T –500) + X[AH,,, + AC, (T —500)] (1- X)AH,, =0 


ог Са + 5C,, ]+[=C,,(200) + 0, (AH, ~500C,, )]+ ХАН, + AC, (T –500)]+ (1— ХАН = 0 


Numerical Substitution with 
К(560) = 5.03 and k(510) = .53 


Р 


R PUT UD 
A, = k, exp( 2 )-4.51424х10” 
екет) = 4. 
Btu 
С А T би = 466 


(P = 1 atm over 450 - 500°F Himmelblau) 
t 
с. = 2521 (Himmelblau, App E, over 230-265°C) 


Ud cons 


83 
АН, =10342% оз 
ib 
pocas eh 
r 
AC, =~ S252) 4225 = (466)- 38 =-0316 2% 
80.0 ЊЕ 


AH an = < M 
Substituting all these into the mass and energy balances: 


4.51x10P exp| — ы. И 
Т +459.67 


251.3 


Mass balance: X = 


Energy balance: 
О = .48Т € 88.214 X (320.20 –.037 ) + (1– X )(155.80 -.38Т) 


Assume X = .96 and M=500. Then, from mass balance, 
T=510°F 


P8-5 


A+B—2C 


Tio(F) 


Cp; a 
lb mole mole? F 


AH, = 20, бб == 
lb mol A 


Energy balance with work term included is: 
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SEM. X,AH, = LOC», [T -7;] 
AO 

до 
Ғы 10 

О-0Ай%-Т) 
Substituting into energy balance, 
UAT, - T) —Ws — Fy AH RX ar = Ер Kon + C, ||Т -T, | 
->0А(Т,-Т)-М,-Е,АН,-1Е,|С,,%С, ОАЦТ-1,| 
n UA(T, - T) - W, – САН; 

Fro | C, +С, |+0А 
Btu 


—W, = 63525 — 
hr 


»9 =] 


ТЕТ, 


AT =199°Е 


Р8-6 
А+В—С 
Since the feed is equimolar, Cao = Cgo = .1 mols/dm? 
: Ca = Сло(1-Х) 
Св = Сво(1-Х) 
Adiabatic: 
r-r ХАНТ) 


° Sac, ХАС, 
АС,-С,--С,,-С,,-30-15-15-0 


АН,(Т)-Н.-Н,-Н, = -41000-(-15000-(-20000) = -6000 cal/mol A 


са! 


У ӨС, = C, * 6,C,, 715415230 


mo 


T =300+ S = 300 + 200X 


-r, =k Cl- XY =.01kd- Xy? 


P8-6 (a) 
dX 
Vorr = Fao [= 
-r, 
FX 
Уста = 2 
А 
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For ће РЕВ, Fag = Caovo = (.1)(2) = .2 mols/dm? 
See Polymath program P8-6-a.pol. 


Calculated values of DEQ variables | 


| Variable |Tnitial v. value: lue Minimal v. nal value М Maximal v value Т Final al value| | 
1x 10 10 |0800 
2v [о мэ 1308.2917 | 
300-0000 04 “Да | 
Оса: 02 = 02000 E 202 e — 
e fe in 0001 -0.0018941 | 8 | 


Differential equations 
1 d(V)/d(X) = -Fa0 / га 


Explicit equations 


3 T = 300 + 200 * X 
4 К = .01*exp((10000 / 2) * (1 / 300 - 1/ T)) 
5 ra = -k * (CaO ^ 2) * ((1- X) ^ 2) 


V = 308.2917dm? 


For the CSTR, 
Х = .85, T = 300+(200)(85) = 470 К. 
К = 4.31 (Using T = 470K in the formula). 
-ra = .000971 mol/dm’/s 
ҒаХ ,1х2х.85 


V = а 2175 dm? 
=r, 9.71х10 


The reason for this difference is that the temperature and hence the rate of reaction remains constant 


throughout the entire CSTR (equal to the outlet conditions), while for a PFR, the rate increases 
gradually with temperature from the inlet to the outlet, so the rate of increases with length. 


P8-6 (b) 


Т=Т,+ ХГ-АН,1 


SAC, 
For boiling temp dE 550 k, 
550 = То + 200 
То = 350K 
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500 
460 
420 
380 
340 


300 
0 ; 185 246 308 


>X - amy) 
A0 
For У = 500 dm), Fao=.2 
-r =k Ci (l- Xy 2O01k(ü- X) 
T =300+ 200 X 


Now use Polymath to solve the non-linear equations. 
See Polymath program P8-6-d- 1.pol. 


Calculated values of NLE variables 1 | 
| Variable Value х) | Initial Guess 
їт 484.4136 0 4. | 
2X  |0.9220681|-2.041E-09 0.9 "| 


| Variable Value 


| 
| 16.072856 | 
2 га |0.0003688 


Nonlinear equations 
1 ҚТ) = 300 + 200 *X-T=0 


Explicit equations 
4 k= .01 * exp(10000 / 1.98 * (1 / 300 - 1/ T)) 
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== 


| |Variable М Value С 


2 та = 0.01 *К* (1-Х) ^2 
Hence, X = .922 апа Т = 484.41 К 


For ће conversion іп two CSTR’s of 250 dm? each, 


For the first CSTR, using the earlier program and V = 250 dm?, 


Calculated values оғ NLE variables 


ae шиг Guess| 
476.482 |1. 137E-13 |480. Эр 
0 с 


с eseMipssosos|o9 —— 


Т М | ae к 1 
[5.105278 | 
|0.0007059 | 

Nonlinear equations 

1 f(T) = 300 + 200 *Х-Т=0 

2 КХ) = 250-.2*X/ra=0 


Explicit equations 
lL k = .01 * exp(10000 / 1.98 * (1 / 300 - 1/ T)) 
2ra=0.01*k*(1-X)%2 


T = 476.48 ad X = .8824 
Hence, in the second reactor, 
F(X — X) 
Vosre = a 
Ts 
>X = Yes (r) +X, 
AO 


Т= Баста + 200(X — X) 
See Polymath program P8-6-d-2.pol. 


Calculated values of NLE variables 


Variable Value | es) u Initial. Guess. 
1T 4938738 0 1480. | 
2х  |0.9693668 |-1.359Е-09 [0.8824 || 

_|Variable Value - 1 


L | 
[7.415252 | 
_ |6.958Е-05 
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мин эц. 


Nonlinear equations 
1 ҚТ) = 476.48 + 200 * (X - X1) - T2 0 
2 f(X) = 250 - .2 * (X-X1)/ra=0 


Explicit equations 
1 k = .01 * ехр(10000 / 1.98 * (1 / 300 - 1 / T)) 
а = 0.01 *К* (1-Х) ^2 


Hence, final X = .9694 


P8-6 (e) Individualized solution 
P8-6 (f) Individualized solution 


P8-7 (a) 


For reversible reaction, the rate law becomes 


“Ty = 12 E 


С 


K, 


ЛК, 
T = 300 + 200 X 


k =k(300)exp E ES - zJ 


Ko = K,(450)exp ЕЕ ЕС - z) 


Stoichiometry: 
Ce = СХ 

С, =C 0- X) 
C, = C40 - X) 


See Polymath program P8-7-a.pol. 


Calculated values of DEQ variables — ___ : 
| Variable Initial value Minimal value Maximal value Final value) 


020) | | 
| 10.0050806 0.0050806 | 


lal 
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(—(——————— 


ШЕЛ 0161. 2 
WE NM 
0. 3689877: | 
qo. 0105787 | 
44 | 
| 

i 


-0. 0001033 
10. \0.2695332 


Differential equations 
1 d(X)/d(V) = -ra / Ға0 


Explicit equations 


Кс = 10 * exp(6000 / 2 * (1 / 450 - 1/ T)) 
k = .01 * exp((10000 / 2) * (1/ 300- 1/ T)) 
Саб = .1 


б га = -k * (CaO ^ 2) * ((1-X) ^ 2 -X / Kc) 


Бәй 


Z Хе = Kc/ (1 + Kc) 


Р8-7 (b) 
When heat exchanger is added, the energy balance can be written as 
ат _ UalT, ~T)+(-14)[-AH p (T)] 


aV Рао 92 8C, *AC,) 


So with AC, 2 0, УС, 230, AH pn = -6000 cal/mol 
ат _ Ua(T, -T) + -r,)|6000] 


dV F,,(30) 
Where Ua = 20 cal/m*/s/K, T, = 450 К 
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аи. 


See Polymath program P8-7-b.pol. 


сеа values of DEQ variables Nu 


| aximal value. |Final value, 


Im 
| ема он | 
m ee таран XE ТЕ 
"2.586706 2.586706 361673 2737647 | 
_ -0.0258671 - -0.027946 | |-0.0035089 | |-0.0035089 | 
-10.9090909 | "(0.909009 _ 10.9244008 (09118643 - 


1 
E 
110. | 
H 


С 


| CMT 
NN 450. o 450. 450. | 
о. 110. п. До 


Differential equations 
1 d(X)/d(V) = -ra / Fad 
2 d(T)/d(V) = (UA * (Ta - T) + (ча) * 6000) / 30 / Ға0 


Explicit equations 

1 Са0 = .1 

Ға0 = .2 

Кс = 10% exp(6000 / 2 * (1 / 450 - 1/ T)) 

К = .01 * exp((10000 / 2) % (1 / 300 - 1/ T) 
га = -k*(Ca0^2)*((1-X)^2-X/ Kc) 

6 Хе = Кс/ (1 + Кс) 

UA = 10 

Ta = 450 

ЈА = 10 
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Mr ee 


P8-7 (c) 


For a co-current heat exchanger, 


О- те ye (Та Е D | 
ТСО рс 


Coc = Ical/g/K, Т,1=450 К, т = 50-8 


sec 


See Polymath program P8-7-c.pol. 


лое =. 


m ША 


m та кн 


ae 


ase 


lo. 2 


a 10.9090909 (09257347 
юш 


Differential equations 


1 d(X)/d(V) = -ra / Fa 
2 d(T)/d(V) = (Q + (-ra) * 6000) / 30 / Fad 
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ЕКЕ 
| es M B С” M 
|-0.0281568 |-0.0034309 | 


Р. 751765 


|-0. 0034309 | 
jo. 912112 
1 


qa. 83309 | 


Explicit equations 
1 Са0=.1 


с = 10 * exp(6000 / 2 * (1 / 450 - 1 / T)) 

Cpc- 1 

k = .01 * exp((10000 / 2) * (1 / 300 - 1/ T)) 

б ra = -k (Сад ^ 2) * ((1 - X) ^2-X/ Kc) 

7 Xe = Kc/ (1 + Ke) 

8: UA = 10 

9 Та- 450 

10 А-10 

11 mc = 50 

12 Q = mc * Cpc * (Ta - T) * (1 - exp(-UA / mc / Cpc)) 


Ж 


Next increase the coolant flow rate and run the same program to compare results. 


P8-7 (d) 


For counter-current flow, 


UA 
Ò = С (Та Е) 


See Polymath program P8-7-d.pol. 


Calculated values of DEQ variables 


| |Variable | Initial value: ‘Minimal | маше | Maximal value | Final value 
ам lo 10 іш, |. | 
ӘК КЕШЕК ЖИН (05395082 |0.5395082: | | 
зт ш —— (45. — [4516471 4502745 | | 
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2 |25867 - Bs 586706 [2.6 
-© |-0.0258671 |-0. d | 
0. ! (09090909 | 


a — 
Nye) 

© f 
оз | 
эн : 
Wi 
NM 
iu 
~, 


ке 
S 
EINE 3 
aioe 9. 
о" 18) 
i H ке 
ә. 


Jedes 


UR 
о 
~ 
iU: 
гм! 
N: 
e 


Differential equations 
1 d(X)/d(V) = -ra / Раб 
2 ата) = (Q + (-ra) * 6000) / 30 / Рад 


Explicit equations 

1 Са0 = .1 

2 Ға0- .2 
Кс = 10 * exp(6000 / 2 * (1 / 450 - 1/ T)) 

рс= 1 | 

= .01 % exp((10000 / 2) * (1 / 300 - 1/ T)) 
а = -k * (CaO ^ 2) * ((1 - X) ^ 2 - Х / Kc) 

7 Хе= Кс/ (1 + Kc) 

А = 10 

а = 450 
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101 220100 
110. |10.24606 
n 


Е 
ШТ 604286 | 
.0041231 | | 
og 9094262 | 


ЕЕ. O 


UA 
гіл: 
‚©: « 


НИ 
Е 
Ж КЕК 
Г 
| 


К -24. 96003 | Е 


210. | 
= 04072 | 
| | 


1-0. )0041231. | 


|50. 


——— 


452.0 
451.6 
451.2 
450.8 
450.4 


450.0 
9 


Р8-7 (е) 


We see that it is better to use a counter-current coolant flow as in this case we achieve the maximum 


equilibrium conversion using a lesser volume of the PFR. 


P8-7 (f) 


If the reaction is irreversible but endothermic, we have 
=r, =k Ci, (1-Х) =.01k(1— X)? as obtained in the earlier problem. 


AH,,, = 6000cal / mol 
For co-current flow of coolant, 


Ò = cC, (Ta -T) | 


See Polymath program P8-7-f-co.pol. 


we use 8- 7f cocurrent.pol 
Caiculated values of DEQ variables 


Variable Initial value! ‘Minimal value | Maximal value | ‘Final value 
o 


а 
о 


586706 


Bs 0258671 


m! 


H 
10 
1439.9908 - 


133 
0.2 
|1. 


| |2. 008972 | | 
0. 0258671 


Ney. 


10. 


[0.5227896 ad 


|450. 
0.1 


n 
(2.586706 


год 0053573 | | 


|10. 


150. 


| 446. 1887 


О 150. 


| 10. 
0. 5227896 | 


ол 


| 2. 352492 
(9. 0053573. 
10. 


EIN barr ye TORRE ЕН 


TM енен T акен ЕРЕ Я 


Differential equations 
1 d(X)/d(V) = -ra / Бао 
2 d(T)/d(V) = (Q + (-ra) * (-6000)) / 30 / Ға0 


Explicit equations 

1 са0 = .1 

2 Fad = .2 

3 Срс-1 

4 К = .01 * exp((10000 / 2) * (1 / 300 - 1/ T)) 

га = -k * (CaO ^ 2) * ((1- X) ^ 2) 

6 UA = 10 

7 Та = 450 

8 mc = 50 

9 Q = mc * Cpc * (Ta - T) * (1 - exp(-UA / mc / Cpc)) 


438 


For counter-current flow, 


UA 
О- тС, (Та EL ef- aC | 


See Polymath program P8-7-f-counter.pol. 


POLYMATH program 8- 7f countercurrent.pol 
Calculated values of DEQ variables 


пу р жин 10. 
ax p Jo 05594826 
NM "M 


|| 
de 
“10. 
Jo. 5594826 
[448.4634 | г |450. | 
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| _ |Variable [Initial v value | |Minimal емен Maximal value Final value| 


449. 669: 


| 


БА Лени cdd 
586706 | (24901 12.586706 2.565639 | 
0.0258671 |-0.0258671 |-0.0049788 |-0.0049788 | 
ыл аак ии NN 

Бо сон SAN MN 


90А 
10/Ta | 


120 | 0 (139.7022 (30.09601 | 


Differential equations 
1 d(X)/d(V) = -ra / Ға0 
2 d(T)/d(V) = (Q + (-ra) * (-6000)) / 30 / Ға0 


Explicit equations 
1 сад =. 


Срс = 1 

k = .01 * exp((10000 / 2) * (1 / 300 - 1/T)) 

5 ra = -k * (CaO ^ 2) * ((1- X) ^ 2) 

6 UA - 10 

7 Ta = 450 

8 mc = 50 

9 Q = mc * Cpc * (Ta - T) * (1 + exp(-UA / mc / Cpc)) 


P8-7 (g) 
For a runaway reaction, the following must be true: 


RT? 
Dd cx 
E 
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T +кТ, 300--3%450 
1+к 1+3 
So if we plug this value into the original equation we get: 


1987 та T +450>0 
10000 


Т, = 499 К 


= 412.5 


and T, = 


Р8-8 (а) 
А+В—С 
Species Balance: 


ћ =10atm 
Stoichiometry: 


Cac С le where Е-1 
1+éX Т 


>C, e БХ) E 


ТЕХТ. 
Rate Law is: 
=r, =kC,, with k =0.133exp| = aij 
R\ 450 T 
E=31400 


AH ga = —20,000 J / mol 


n 


Energy Balance: 


par, ХАНА) 


"586, + ХАС, 
АС, =15+24–40 =0 


Т = 450 + === = 450 + 500Х 


See Polymath program P8-8-a.pol. 


aoa values of DEQ variables | | 
2 Initial value [Minimal value канын value ШІ | value. 
0 lo [0.8 8 | 


До 
ETE ИК de зли јазазәи | 
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2 mM 
| 450. ~ 
и em 


Differential equations 
3 d(W)/d(X) = vO * (1 + X) *T/k/ (1-X)/ TO 


Explicit equations 

1 T = 450 + 500 * X 

2 v0 = 20 

3 TO = 450 

4 К = .133 * exp(31400 / 8.314 * (1/ TO - 1 / T)) 


0.8 
0.6 
0.5 
0.3 
0.2 | 
NG 9) 48 527 б 245 
P8-8 (b) 
Species Balance for CSTR: 

Wesig = ын 

А 


Т = 450 + 500 X =450+500(.8) = 850 K 
k =.133exp 31400 11 =6.9 
8.314 (450 850 
Иык = 3942 Ке 
Р8-8 (с) Individualized solution 


P8-8 (d) 


For pressure drop, an extra equation is added 


2 а Bex) 
2\7, 


(Р/Б) 
1-Х \T Р 

C, = См ЕРЕ 
14:16:51, 

See Polymath program P8-8-d.pol. 


Using POLYMATH program CRE 8 8d.pol 
For æ =.019 
Calculated values of ЈА _ 


| \Variab Initial v. 1 value Mini 
jo fo 


e 


1 
i 
ds 013E+06 - 
е 5 | 
Pr x ДЕ —Á— 
mem | |20. 
lo. 
n 
10. 


[сыш чанын 
Ё | 6. 904332 (6.904332 
_|1.013Е+06  |1.013E«06 
009 Toos | 


18 n . — ЭЭ 
1. 013E+06 Nu 013Е406 | Ж 
0.019 | | (0019. 2 


и ил 


6 
Ц 

ВЕ " й 
Slalpha |0. 
Differential equations 

1 d(X)/d(W) = k/ vO * (1-X)/ (1 + Х) * TO/ T* P/ PO 


d(P)/d(W) = -alpha / 2 * (T/ TO) ХРО 7 2/P* (1 +X) 


Explicit equations 


3 TO = 450 

4 k = .133 * exp(31400 / 8.314 * (1 / TO - 1 / T)) 
PO = 1013250 

6 alpha = .019 
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900 


0.060 
0.048 800 
0.036 700 
0.024 600 
0.012 500 
.00t - 400 | А - - 
00 y 00 0.16 0 32 ү y 48 0.64 0.80 0.00 0.16 0.32 Ww 0.48 0.64 0.80 
* 
Р8-9 (а) 


We use the same equations as problem Р8-8, except that the energy balance changes as: 


"i -T) + CHOC AH.) 


LU MT NNUS 
dW Ex 
Where —AH p„ = 20,000 J/mol, Т,-323 К, С,д-40 J/mol/K 


See Polymath program P8-9-a.pol. 


Calculated values of DE variables 


|. ‘|variable 1 Initial value | | Minimal value. Maximal value | Final value | 


ИЛЭ E На: _ |50. 50. | 
2 k. | 0 0 /  10.1376081 0.1376181 | 
4 то |450. |450. |450. |450. | 
5 vo 2 ро. | 20. ро | 
6k. ШЕ B Под 0292331 |043 7 00292331 | 
7 | 10.08 0.08 |008 | 
в | ae. әз. IN 
9 PO У 1.013Е+06 n O13E+06 — |L013E«06 1.013Е+06. | 
10,CA0 2708283 (270.8283 2708283 | 2708 8283 | 
11CA 270.8283 242.3648 (270.8283 242.3648 
12 _ [3602017  |-36.02017 7085084 7. 085084 | 


Differential equations 
1 d(X)/d(W) = k * (1-Х) / (1 +X) * TO/T/ мо 
2 d(T)/d(W) = (Uarho * (Та - T) + rA * 20000) / vO / САО / 40 


Explicit equations 

1 TO = 450 

vO = 20 

К = 0.133 * exp(31400 / 8.314 * (1/ TO - 1/ T)) 
Uarho = 0.08 

Ta = 293 

PO = 1013250 


Я САО = РО / 8.314 / TO 
8 СА = CAO * (1 - Х) / (1 +X) * TO/T 


10 20 30 40 50 


If ИН was increased by a factor of 3000, we use the same program with the new value. The profiles 
6, 


are in the graphs below. 
450 
434 
418 
402 


386 


370 
0 


P8-9 (b) 
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For non-constant jacket temperature, the equation for incorporating the flow needs to be introduced. 
co-current: 


Tao = 50 °C 
Ua 
т E-r) 
LA, Lo 
dW mcC c 
0.20 
0.16 
0.12 
0.08 
0.04 
380 - : n 0.00 1 
0 10 20 yw 30 40 50 0 0 20 yw 30 40 50 
countercurrent: 
Ua», 
ao E-I) 
Hu Wr eo 
dW MC с 
Tat = 50 °C 
guess and check Тао until T, = 323 K at W = 50 
Tao = 438.8 K 
450 0.20 |. 
436 0.16 
422 0.12 
408 0.08 
394 0.04 
380 0.005 
0 0 10 20 yy 30 40 50 


P8-9 (c) 
For a fluidized CSTR with W = 80 kg, UA = 500 Ј/5/К, 
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пи 


Species balance: X „g = SE. Sm Pe 
1+7k I 


T-T 

DAC) o, (T -1) 

Energy balance: Хр = ————48— — — — — 
Хав = Хмв 

Solving, X = .95, Т = 323 К 


P8-9 (d) 
For a reversible reaction, we have all the previous equations, but the rate law is modified as: 
ЕКС, – КС Се 
X T, 
1+ХТ 
Plugging the equation for k,, and solving using POLYMATH program, we get the plots. 
Only the co-current program and plots are shown. 


С,-С.-С,--- 


See Polymath program P8-9-d.pol. 


Calculated values of DEQ variables —— 
_|Nariable Initial value Minimal value | Maximal value |Final v value| 
| 80. 


И Ды 0.057593 _ = (0.087593 _ 


Kip 1:124:27 0753 
POINTE: 


FERE 


| ae ge FEE й | 
| 22 Jo. = |240. 
1. 013Е%06 |. 013E+06 LOLE +06 он 


x zd 


20, 
d 
| 
10 
 |270.8283 (270.8283 270.8283 [270.8283 
a 8283 | 270.8283 2581071 
(3 
| 
| 


__|о2 0.07692 02 0.076962. - 

Жыра |, gue 
е о о — 
С |-36.02017 |-3602017 |-0.0062421 |-0.0062421 | 


5 ы 


Differential equations 
1 d(X)/d(W) = -rA / vO / САО 


8-40 


2 d(T)/d(W) = (Чао * (Ta - Т) + rA * 20000) / vO / САО / 40 
3 d(Ta)/d(W) = Uarho * (T - Ta) / .2 / 5000 


+ sign = cocurrent, -ve sign = countercurrent in RHS of egn. 


Explicit equations 

1 TO = 450 

2 v0 = 20 

3 k= 0.133 * exp(31400 / 8.314 * (1 / TO - 1/ T)) 
4 Uarho = .08 * 3000 

5 PO = 1013250 

6 САО = P0/ 8.314 / TO 

7 СА = САО * (1-Х) / (1+ X) * TO/T 

г = 0.2 * ехр(51400 / 8.314 * (1 / Т0 - 1/ T)) 
СС = CAO *Х / (1 + X) * TO/T 

СВ = САО * X / (1 + Х) ХТО/Т 

ГА = -(k * СА - kr * CB * CC) 


450 
444 
438 
432 
426 


420 
0 


P8-10 (a) 
А—ВЉС 
Е 
Се С 
Е 
0, == 
F, 
С, =С„+С, 
F,-F,-F, 
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F 
Сот (С. + Сю ) a 


Fig + Fig 
С. +С 
Сш = 2-1 
+1 
Р8-10 (b) 
Mole balance: 
dX _-ту 
dV Fo 
Rate law: -r,-kC, 
1-Х Т. 
Stoichiometry: C, = C, ——— =| 
Y AC CMM TT eX T 
E= улод 
6=1+1-1=1 
Рао __ Fo == 1 
4 Fro Fig + Fio 1-6, 
-l 
1+6 
-XAH xx * (C5, + Cp, ) Ty 


Enter these equations into Polymath 


See Polymath program P8-10-b.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


V 0 0 500 

X 0 0 0.417064 
Cao 0.0221729 0.0221729 0.0221729 
Cio 0.0221729 0.0221729 0.0221729 
theta 100 100 100 

Fao 10 10 10 

Сао1 4.391Е-04 4.391Е-04 4.391Е-04 
е 0.009901 0.009901 0.009901 
То 1100 1100 1100 
dHrx 8.0Е+04 8.0Е-04 8.0Е+04 
Сра 170 170 170 

Cpi 200 200 200 

T 1100 1098.3458 1100 

k 25.256686 24.100568 25.256686 
ra -0.0110894 -0.0110894 -0.0061524 


ODE Report (RKF45) 


Differential equations as entered by the user 
[11 d(X)/d(V) = -ra/Fao 
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final value 
500 
0.417064 
0.0221729 
0.0221729 
100 
10 
4.391E-04 
0.009901 
1100 
8.0E+04 
170 

200 
1098.3458 
24.100568 
-0.0061524 


Explicit equations as entered by the user 
[1] Сао = 2/.082/1100 

Cio = Cao 

theta = 100 

Fao = 10 

Сао1 = (Cao+Cio)/(theta+1) 
e = 1/(1+theta) 

To = 1100 

dHrx = 80000 

j Cpa=170 

101 Срі- 200 


peu 


оо 3 оо 
n de Бш а 


12] k= exp(34.34-34222/T) 
13] ra=-k*Cao1*(1-X)*To/(1+e*X)/T 


Conversion 


1.0 
0.8 

^ Noinert 
0.6 | 7 Moderate 


7 Large 
0.4 


0 100 


400 


200 y 300 500 


л 


0 3 6 


Theta 12 1 


Р8-10 (с) 


There is а maximum at 0 = 8. This is because when 0 is small, adding inerts keeps the temperature 
low to favor the endothermic reaction. As 0 increases beyond 8, there is so much more inert than 


[11] Т = (X*-dHrx)+(Cpa+theta*Cpi)*To)/(Cpa+theta*Cpi) 


Temperature 


" No inert 
7 Moderate 
Large 


980 


940 


— 


" 
шэг 100 


200 y 300 400 


reactants that the rate law becomes the limiting factor. 


P8-10 (d) 


The only change to the Polymath code from part (b) is that the heat of reaction changes sign. The 


new code is not shown, but the plots are below. 


See Polymath program P8-10-d.pol. 
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500 


“опуегві Temperature 
Conversion 1600 p 


1.0 


0.8 
7 Noinerts 


^ Moderate 
` Large 


7 Noinerts 


0.6 ” Moderate 1400 
r Large 


0.4 


0.2 | 


1100 ——————— титтей 


—— 


0 100200, 300 400 50 0 100 — 200 , 300 400 500 


0.84 
0.76 


0.68 


60 — — ——— 
ет 


10 20 Th "uu 40 50 


The maximum conversion occurs at low values of theta (0 « 8) because the reaction is now 
exothermic. This means heat is generated during the reaction and there is no advantage to adding 


inerts as there was in the endothermic case. 


P8-10 (e) 
We need to alter the equations from part (c) such that —r, = КС? and Cao = 1 
A plot of conversion versus theta shows a maximum at about 0 = 5. 


See Polymath program P8-10-e.pol. 
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P8-10 (f) 


We need to alter the equations from part (с) such that —r, =k с Í - | 
C 


1- X Т 


We already know that C, = Сб mem . Now weed need expressions for Cg and Cc. From 
€ 
stoichiometry we can see that Cg = Cc. In terms of Cao we find that: 
X 1, 
С, = Ce = Се —— 2 
8 25 14 €X T 
We also need an equation for Кс: К, = Ke exp Bu d TI 2exp с (55-7) 
| ЁК \7 Т 8.314 (1100 T 


When we enter these inot Polymath we find that the maximumn conversion is achieved at 
approximately 0 = 8. 


See Polymath program P8-10-f.pol. 
1.00 


0.86 


0.44 


P8-10 (g) 
See Polymath program P8-10-g.pol. 


8-45 


" Part(d) 
Part (е) 


Par 


P8-11 (a) 
Start with the complete energy balance: 
X Е: Q-W, -ХЕЕ in EE, out 


The following simplifications can be made: 

It is steady state. 

In part a, there is no heat taken away or added 
There is no shaft work 


That leaves us with 
0--ХЕЕК|,-ХЕЕ 

Evaluating energy terms: 
I. НдоРло + Hg Fo + A coF co 
Ош: H,(F,* RV) +Ну(Е, + RV) +Не(Е С + КУ) 

Simplifying, 

Н „СЕ, +К,У)+НЬ(Е, + RV) + AF +t RV) — Нд Еј 7 Н.Е, — Ho, Fo, = 0 

If only C is diffusing out of the reactor we get: 

Н,Е, +H,F, +H (Е, ЖАУ) Hi Pig — НвоЁво — НсоЁсо =0 

Now we evaluate Е, 

F, = Ер“ Врх 

Е = Ер t ЕХ 

К = Foo + ЕбХ - КУ 

Inserting these into our equation gives: 

Н.Е -Н,Е,Х %Н,Е, + Н,Е,Х + Н» + HF X ~H yok so -H gobo — Н соЕсо 59 

and note that Ево = Fco = 0 

A Fy — H,FíX + H,F X + HF y)X -H „Е, 70 and combining and substituting terms gives: 

Fo (H, Hat Fao X AH py =0 


out 
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ЕС, (T -1,) + FoX AH gy =0 


Differentiating with respect to V with ACp = 0 


dT dX 
FC, + Е Т (АН, (T)) -0 
ат (АЛАН, (т) | 

dV ZAC 


ур 
Combine that with the mole balance and rate law: 
dF, dF dF 
— =r ТЕМЫ. wn cete 
-7 = КС, 


Е,1 Р, 1, Ёс 1, 
Т 


CAT pop с, =op T Ce Сор, 


For Кс = 10 


See Polymath program P8-1 1-a.pol. 


Calculated values of DEQ variables | | 
Variable Initial value. ‘Minimal value: ‘Maximal | value F 

у p p m p | 

ЇЕС 0 0 10. 0012968 - к: 0005261 | 


inal value 


i 


Foo р 10.1978837 


0. 
I u E 1978837 | 

Ја 5.42 5222116 5.42 152 

4 E = ~ Я ~ — о 


4 222116. 
5 |Т |450. |450. 548.9418 5489418 | 
eit 52 |52 542297 5. 420526 | 
7 ах _ -2.06+04 20604 |20684 | -20Е+04 | 
вк 0133 m 133 (06036997 | 10.6036997 | 
9 ік. ао. HO. о 10. | 
2 (2710027 271007 270097 2.10027 | 
27 710027 2.610831 2.710027 [2.610831 | 


ЭР | = (0.0006905 . (0.002635 10.0006905 10.0002635 


13| Ico 0 e 20 _ |0.0006482 ^ (0.000263 | 
міо 2 (210027 [2.610891 (2.710007 [2.610831 | 
15а |-03604336 | |-0.3604336 -0.0026249 |-0.0026249 | 
ша 4 юш № | 


Differential equations 
1 d(Fc)/d(V) = -ra - kc * Cc 
: d(Fb)/d(V) = -ra 
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3 d(Fa)/d(V) = ra 
4 (ТУУ) = ra * dHrx / Cpa 


Explicit equations 
| Ft = Ра + Fb + Fc 
“ОН = -20000 
= .133 * exp((31400 / 8.314) * (1/ 450 - 1/ T)) 


a = Cto * Fa/ Ft 

с = .01 * exp((dHrx / 8.314) * (1/ 300- 1/ T)) 
с = Сю * Fc/ Ft 

4 Cb = Cto * Fa/ Ft 

а = -k * (Са - Cb * Cc/ Kc) 

pa = 40 


70 10 20 39 40 50 


" 
vary kc to see how the concentration profiles change. 


P8-11 (b) 

Now, the hear balance equation needs to be modified. 
ат Ua(T, -T) FG) AH, (T) | 
ау Ғ,6С, 


See Polymath program P8-11-b.pol. 
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P8-12(a) 


To find the necessary heat removal, we start with the isothermal case of the energy balance 


2. YD +AC, (Т-1,)|-2:6С, (TSR) 
Fo Во 


Because there is no shaft work Ws = 0. 

AC, =60-25-35=0 

And for isothermal operation T = To 

If we simplify the energy balance using this information we get: 


or Q = F XAH gy = СУХАН, 


We now know everything except the heat of reaction to solve for the heat removed term. To find the 


heat of reaction consider the adiabatic case: 


AC, =60-25-35=0 
Q=0 and Ws=0 
-XAH py = 0C, (7-1,) 
Because feed is equal molar іп А and В, 05 = 1 
-ХАНш = (Ср Crs Теђ) 
(25+35)(350 – 300) kJ 


MÀ = –7500—— 
ui -0.4 mol 


Now go back to the isothermal case: 


. 3 
О = СУХАН, = ШЕЗЕ т Joa) 
m mun то 
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: kJ 


О = –750000— 
min 
P8-12(b) 
We start with the energy balance for the second CSTR (already simplified): 
UA 
Fa ers = X,) AH gy = (Cox +Св)(Т-ТЪ) 
AO 


This equation has two unknowns (T and X2) and so we need another equation. 
Now wee need the mole balance for the second reactor 
V = Е,(Х,-Х,) » Е,(Х,-Х,) 

i eu kC2,(1-X,) 
This equation also brings in another unknown: k. We know that the specific reaction rate is 
dependant on temperature and if we have the activation energy, we can make an implicit equation 
for k as a function of T. To calculate the activation energy we will use the isothermal and adiabatic 
information for reactor 1 and the mole balance for reactor 1. 
ae РХ 

kC?, (1-X,) 

alo dre ca e SM, ce 

үс2(1-Х) ус,(1-Х) 


1 


Solving for k at 300 and 350 K gives: 
k(300 K) = 0.00015625 
k(350 K) = 0.0005555 


If we plug these numbers into the Arrhenius equation we get 


k E 
In| = |=— 22 we get E/R = 2664. 
Rim Т, 


Which means КТ) = k, exp| А-А 
кт Т 


If we use a nonlinear equation solver to solve the energy balance and mole balance for reactor 2 we 
find that the exit concentration is 0.423. 


See Polymath program P8-12-b.pol. 


POLYMATH Results 
NLES Solution 
Variable Value Е (x) Ini Guess 
T 327.68712 -2.274E-13 340 
X2 0.4214731 -6.666Е-12 0.4 
UA 4 


8-50 


Ta 350 


vo 0.5 

х1 0.2 

dHrx -7500 

To 300 

V 1 

k 3.309E-04 
Cao 1000 

Fao 500 

ra -110.73657 


NLES Report (safenewt) 


Nonlinear equations 
1j КТ) = (UA)*(Ta-T)/Fao-(X2-X1)*dHrx-60*(T-To) = 0 
21 f(X2) = V-Fao*(X2-X1)/(-ra) = 0 


Explicit equations 
ір UA=4 

2) Ta=350 

3] vo=0.5 

4} X1=0.2 

5) dHrx = -7500 

61 To=300 

71 М=1 

81 k = .00015625*ехр(2663.8*(1/300-1/Т)) 
9] Сао = 1000 

(101 Fao = Сао*\о 

111 га = -К*Сао^2*(1-Х2)^2 


P8-12(c) 
Now we need the differential form of the energy balance 
ат ба(Т,-Т)-һАН,, _ Ua(T, -T)- АН gy 


dV ЕХ ОСА Fa (Cpa + С) 
we also need the mole balance for a PFR. For this case it simplifies to: 
ее = 

а а“ 


with —7, =kC,C, and we сап use the same equation for К as in part (b). 


When we put these equations into Polymath we get an outlet conversion of X = 0.33 


See Polymath program P8-12-c.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 1 1 

T 300 283.98681 300 283.98681 
X 0.2 0.2 0.3281298 0.3281298 
Cao 1000 1000 1000 1000 

Ua 10 10 10 10 

Ta 300 300 300 300 

dHrx ~7500 -7500 -7500 -7500 

Cb 800 671.87016 800 671.87016 
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v 0.5 0.5 0.5 0.5 


Fao 500 500 500 500 
Cpa 25 25 25 25 
Cpb 35 35 35 35 
k 1.563E-04 9.47E-05 1.563E-04 9.47Е-05 
Са 800 671.87016 800 671.87016 
ка -100 -100 -42.749596 -42.749596 


ODE Report (8КЕ45) 


Differential equations as entered by the user 
[1] d(T)/d(V) = (Ua*(Ta-T)-ra*dHrx)(Fao*(Cpa*Cpb)) 
[2] d(Xyd(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] Сао = 1000 

2j Ua=10 

[3] Та= 300 

[4] dHrx = -7500 

5] Ср = Сао*(1-Х) 

6] v=0.5 

[7] Fao = Cao*v 

[8] Сра-25 

[9] Срр = 35 

10] k= 0.00015625*exp(2664*(1/300-1/T)) 

[11] Са = Сао*(1-Х) 

[12] га = -к*Са*СЬ 


Р8-12(4) 


In this case we need to replace the rate law we used in part (с) 


=r, = Чес, -E 


с 


We also need ап equation to calculate K, at different temperatures. 
AH 1 1 | 
К. = Ко exp| ——| ——— 5 
с cı €xp R Е У 
be careful of the units when entering Ко into Polymath. Also note that the initial temperature is 
different than in part (c) 


We get an outlet conversion of X = 0.48 


See Polymath program P8-12-d.pol. 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 1 1 

T 350 314.93211 350 314.93211 

X 0.2 0.2 0.4804694 0.4804694 

R 0.0083144 0.0083144 0.0083144 0.0083144 

Ua 10 10 10 10 

Ta 300 300 300 300 

ангх ~7500 -7500 -7500 -7500 | 
Сао 1000 1000 1000 1000 | 
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y 0.5 0.5 0.5 

Fao 500 500 500 

Cpa 25 25 25 

Cpb 35 35 35 

k 5.556E-04 2.381E-04 5.556E-04 
Ca 800 519.53058 800 

Cb 800 519.53058 800 

Cc 200 200 480.46942 
Kc 0.002 0.002 8.63Е+121 
га -300.01803 -335.38132 -64.253241 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(T)/d(V) = (Ua*(Ta-T)-ra*dHrx)/(Fao*(Cpa+Cpb)) 
21 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] R=8.3144/1000 
Ua=10 
Ta = 300 
dHrx = -7500 
Cao = 1000 
v=0.5 
Fao = Cao*v 
Cpa = 25 
Cpb = 35 
k = 0.00015625*exp(2664*(1/300-1/T)) 
Ca = Cao*(1-X) 
Cb = Cao*(1-X) 
Сс = Сао*Х 
Кс = .002*exp((dHrx/R)*(1/350-1/T)) 
га = -k'(Ca*Cb-Cc/Kc) 


~ 


» аа tent 


ыша 


~ 


y m = 
PL ве PPP Му OAHU w 


Od wd BS Ф ә мн + 
TERE AHO d at ақа; 


mor 


P8-12(e) Individualized solution 


P8-12(f) 


For the gas phase the only the stoichiometry changes. 


1-Х ҮТ, 
С, = Сеј —— || 2 
252-30 
and £= улд = 0.5(1-1-1) =-0.5 
From Polymath we see the exiting conversion is X = 0.365 


See Polymath program P8-12-f.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


V 0 0 1 

T 300 279.3717 300 

X 0.2 0.2 0.3650575 
TO 300 300 300 

Ua 10 10 10 

Ta 300 300 300 
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0.5 

500 

25 

35 

2.381E-04 

519.53058 

519.53058 

480.46942 

8.63Е+121 
-64.253241 


final value 


1 
279.3717 
0.3650575 
300 

10 

300 


B 
i 
i 


dHrx -7500 -7500 -7500 -7500 


Сао 1000 1000 1000 1000 
vo 0.5 0.5 0.5 0.5 
Fao 500 500 500 500 
Cpa 25 25 25 25 
срь 35 35 35 35 
k 1.563E-04 8.111Е-05 1.563E-04 8.111Е-05 
е -0.5 -0.5 -0.5 -0.5 
Са 888.88889 834.06666 888.88889 834.06666 
Cb 888.88889 834.06666 888.88889 834.06666 
ка -123.45679 -123.45679 -56.423752 -56.423752 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(T)/d(V) = (Ua*(Ta-T)-ra*dHr)/(Fao*(Cpa+Cpb)) 
121 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] To=300 

[2] Uaz 10 

[3] Taz 300 

4] dHrx = -7500 

5] Cao = 1000 

6] vo=0.5 

7] Fao = Cao*vo 

81 Cpa=25 

191 Cpb=35 

10] К= 0.00015625*ехр(2664*(1/300-1/Т)) 
[11] е=-.5 

121 Са = Сао*(1-Х)*То/(1+е*Ху/Т 

13] Ср = Са 

14] га = -К*Са*СЬ 


Р8-13 
2 
Кс = СС = X; 5 
С,С, (1-Х,) 
> Х, Ke 
1-4/К, 
jay eel ас (230000), оо боох 
Cue, (25-25) 


See Polymath program P8-13.pol. 


Calculated values of NLE variables 


| Variable Value - | 109 | [Initial Guess | 1 
m 22 |0.9997644 |3.518E-11 0.5 ( 0 < Xe < 1. )| 
е үг 


ble Value | 
| 
| 
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22 |1807 
Nonlinear equations 


1 f(Xe) = Xe - (1 - Xe) * Кс ^ 0.5 = 0 


Explicit equations 
1 T = 300 
2 Кс = 500000 * exp(-30000 / 1.987 * (1 / 323 - 1 / Т)) 
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— 


0.9 
= 0.8 
г; 0.7 
9 06 
б 
6 05 
Б 0.4 
Ш 0.3 
Ф 
х 0.2 
0.1 
0 ------------------ү---------------------------р------------4---------------- 
300 350 400 450 500 550 
Temp (K) 
P8-14 
For first reactor, 
m X el K. 


Ке = ог Хат 
ie DUE: 
For second reactor 
K -Kag А _ Ko ~ бр» 
© 1-х 20014К, 
For 3“ reactor 
Е др Хз = Кс — да 
с ГА з = 
1-Х„ 1+K, 
15 reactor: in first reaction X, = 0.3 
So, Ев = Ғдо1(.3) 
2"4 reactor: Moles of A entering the 2™ reactor: Faoz = 2Fao1 - Faoi(.3) = 1.7FAoi 


2Е 


= 401 =.12 
P ATE 
~FyyBC, 0, (T —T,) + FX (-AH,) =0 


_(С„+®,С„)(Т-Т„) 
-АН, 
Slope is now negative 
31 reactor: 
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X,, = 0.3 
Ө, = СЕ +3 Figg = Бли (2 +.3x1.8) 
Fio = Faoi t Faol- Xa) = К, Зли = Хр) = 1 80 - ЈЕ а 
Ема = 2:26 1 
Feed to the reactor 3: 
(2F 4.) +-3 Fagg = Ба (2 +-3X1.8) = 0.7F,, 
74 


ВЗ — 226 
Feed Temperature to the reactor 2 is (520+450)/2 = 485 К 
Feed Temperature to reactor 3 is 480 K 
Хаа = .4 
Moles of B = 2Едо + „ЗЕдо2 + .4F 403 = Faoi(.2 + .54 + (.4)(2.26)) = 1.64 Едо 
X = Fp/3Faoi = .54 


ЧЧ) чуо Чо Что 1% 49o Soo 510 s2o 


P8-14 (b) 

The same setup and equations сап be used as in part (a). The entering temperature for reactor 1 is 
now 450 K and the outlet is 520 K. When the two streams are joined prior to entering reactor 2 the 
temperature is (520+450)/2 = 485 K 

Say that the outlet temperature for reactor 2 is 510 K. Then the entering temperature for reactor 3 
would be (510+510+450)/3 = 490 K 


For any reactor j, 
-Е,,Х6с,0(7-Т,)-Е,,Х(-АН,)-0 
БЖ (Сы +бС„)(Т-Т„) 
-АН, 
and Өв for reactor 1 = 0. For reactor 2, 0g > 0. This means that the slope of the conversion line from 


the energy balance is larger for reactor 2 than reactor 1. And similarly 0p for reactor 3 > Өр for 
reactor 2. So the line for conversion in reactor 3 will be steeper than that of reactor 2. The mass 
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balance equations are the same as in part (b) and so the plot of equilibrium conversion will decrease 
from reactor 1 to reactor 2, and, likewise, from reactor 2 to reactor 3. 


460 520 


Р8-15 (а) 


Substrate > More cells + Product 
$ > С+Р 
G(T) = Х%-АН 


To solve for G(T) we need X as a function of temperature, which we get by solving the mass balance equation. 


Е.Х Е.Х r 
V = 40 = 80 and since – = — then, 
“Ts т сіз Ш 
ү = У. Вох 
г. 
r, = ИС and и = (Т) Es 
8 d K,+C, 


0.0038 *exp( 21.6 EL) 


where ИТ) = Lh mar ———————— ————Á——— 
1 к E 


if we combine these equations we get: 


= Ya БХ 


- M(TYC.C, 
K; «С; 
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Ү FX (Қ; + C) 
M(T)C-C, 


С; = Cg (1- X) and C; = C4,Y,,X 


cls 


Y, F, X (Ks * C (1- X)) 


cls 
А(ТЭС,үҮ,,ХС, (1-Х) 


c/s 


Canceling and combining gives: 


Fy (Ky + C, (1- X)) 


4C)CS, (1-Х) 
Now solve this expression for X: 


______ Бик __ 
MTC, Е ЕС» 


Now that we һауе X as a function of T, we сап plot G(T). 


To get R(T) we must calculate the heat removed which is the sum of the heat absorbed by reactants to get to the reaction 
temperature and the heat removed from any heat exchangers. 


The heat gained by the reactants = Cpo (Т -h ) 
The heat removed by the heat exchanger = UA(T-T,)/Fso 


UA 
RT) = Cys (Т-1,)+-=—(Т-Т,) 
50 
Now enter the equations into polymath and specify all other constants. The adiabatic case is shown below. The поп- 


adiabatic case would be with explicit equation [12] as A= 1.1. 


See Polymath program P8-15-a.pol. 


Differential equations as entered by the user 

111 d(Tyd(t)- 1 Adiabatic Case 

Explicit equations as entered by the user 20000 

11 титах = .5 

[2] Yes=.8 10000 

3] vo=1 

41 Ta=290 

5j mu = титах*(.0038*Т*ехр(21.6-6700/Т))/(1-+ехр(153- 0 

48000/T)) 

6] Ks=5 | 
-10000 

7] М=6 

81 Cso=100 

9j Fso = мо*Сѕо -20000 

101 Cps- 74 


-30000 | : : 
294 299 303 T 308 30 317 


[11] dH = -20000 

[12] ОА = 0*300 

[13] kappa = UA/(Cps?Fso) 
[14] То = 280 Non-Adiabatic Case 
[15] Х = 1-((Fso*Ks)/((mu*V*(Cso“2))-Fso*Cso)) 

[161 Gtz X*(-dH)*Ycs 20000 
[17] Rt=Cps*(T-To)+UA*(T-Ta)/Fso 

independent variable 14000 
variable name : t 
initial value : 0 8000 
final value : 30 


2000 
-4000 


-10000 
3 


P8-15 (b) 

To maximize the exiting cell concentration, we want to maximize 
the conversion of substrate. If we look at G(T) from part A, we see that it is at a maximum at about 310 K. This 
corresponds to the highest conversion that can be achieved. By changing the values of UA and m, we can change the 
slope of the R(T). What we are looking to do is get R(T) to intersect with G(T) at 310 K. 


Since we now have a limited coolant flow rate we will use a different value for Q. 


Q=m,C,(T -T, | - [и 
McC yc 


and so, 


R(T) = т; С» (T-T, | - ew = 28| + CA T-T) 


ТСО pc 
Now we set R(T) equal to the maximum value of G(T) which is 15600 J/h 


G(T) =15600F,, = т; С, (Т —T, | - ea - A.) + ЕС (T-T) 


тсрс 
And now plug in the known values. Assume the maximum coolant flow rate and that will give the minimum heat 
exchange area. 


156002 10-4.) = 
g hr 


(ооо 2 |за Ze (мок -20x 1-ехр EEG. NM Ң1ю 36 2 бюк ~ 288K) 
hr gK h K 


КОЗ 74-1. 8 
hr gK 
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— UA 


r 


4440000 n ~ 


1560000 = | 88800000 ij 1 — exp 
hr h 
rK 


+ | 162800 Z) 
| hr 


UA= 704152 
hr K 


A-14 m? 


P8-15 (c) 


There are two steady states for this reaction. There is an unstable steady state at about 294.5 K and a stable steady state 
at 316 K. 


P8-15 (d) 
Increasing То enough will eliminate the lower temperature steady state point. It will also lower the outlet concentration 
of cells. Decreasing То will increase the outlet concentration of cells. 


Increasing mc increases the slope of R(T) and will increase the exit concentration of cells. 


Increasing T, will lower the exit concentration of cells. 


P8-16 (a) 

G(T) = AH,X 

X- 28 ЖЕЛІСІНЕ 
1+tk R\350 T 


RT) = CQ КГ -Тс) 
Со = GC, = ӨС, +O,C,, =20+30 = 50 
UA 8000 


к = = = 
С „Рю (5080) 
ЋЕ С HUAT, кТ,-Т, 
= с м ада 10-350 
UA + C, Fag l+K 


To find the steady state T, we must set G(T) = R(T). This can be done either graphically or solving 
the equations. We find that for То = 450 K, steady state temperature 358 K. 


P8-16 (b) 
First, we must plot G(T) and R(T) for many different To's on the same plot. From this we must 
generate data that we use to plot T, vs То. 
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| 
| | | | 
275 325 375 425 i 
2 zm a T (0 | 59 БЫ 300 ma 2” 450 500 550 


P8-16 (c) 

For high conversion, the feed stream must be pre-heated to at least 390 K. At this temperature, X = 
.98 and T = 380 K in the CSTR. Any feed temperature above this point will provide for higher 
conversions. 


P8-16 (d) 


For a temperature of 375 K, the conversion is .968 


P8-16 (e) 


The inlet extinction temperature is 375 K. 


P8-17 
The energy balance for a CSTR: 


UA 
-F o XAH (T) = F4[Z0 C, TT-R) TX -Т,)] 
AO 
Ғ.Х--ғУ 
C, isindependent of Т. 


С,(Т-1,)-С 


ps 


—7,V 
ове сан -- | 


AO 


R(T) = F4C,, + UAT, -UAT 
Differentiating: шээг, UA 
ат 

dG(T) -АН, а(-ғ,) 

ат Fo di 
а(-ғ 
A En) 

a ЕТ?“ ’ 
Setting these two equations equal to each other and manipulating, 


where 
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11421 ТЕН 
1127 | RV323*313 
Е -19474 


Е.С А 
А (Т.-Т,)> Ri, , and it will be runaway reaction 
UA E 


At A < 2.5 m? it will become a runaway. 


P8-18 (a) 
Mol Balance: 


2 7208 7-7: 


v 
(“ий-ж-хгк, 
X [1+7k(1+1/K,)] = 7k 


G(T) =—AH,,X = 80000X 

k=1min™ 

т=10 тіп 

К, =100 

х= 2255 =.901 
1+10(1.01) 

G(400) = 72080 cal/ mol 


P8-18 (b) 

_ ОА 3600 
К = = = 9 

FC,  10*40 
R(T) = C,Q- XT - T.) = A00(T -T..) 
_1,+кт, 
R(T) = 400(T — 310) 
The following plot gives us the steady state temperatures of 310, 377.5 and 418.5 K 


-=310 


Є 


See Polymath program P8-18-b.pol. 
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GM) & AM) (calmo) 


P8-18 (c) 
310K and 418.5 K are locally stable steady-state points 


P8-18 (d) 
R(418.5) = 400(418.5 — 310) = 43400 
G(418.5) = 43400 = 80000 * x 

_ 43400 


= 8 = 54 


x 


P8-18 (e) 


The plot below shows T, varied. 


te a e. а. 


The next plot shows how to find the ignition and extinction temperatures. The ignition temperature 
is 358 K and the extinction temperature is 208 K. 


P8-18 (f) 


This plot shows what happens if the heat exchanger quits. The upper steady-state 
temperature now becomes 431.5 K. 


i 


G(T} & RIT) (сайто!) 
211 


8 


од с 
эн зэо 350 370 390 410 430 450 


P8-18 (2) 


At the maximum conversion С (0 will also be at its maximal value. This occurs at approximately Т 
= 404 K. G(404 K) = 73520 cal. For there top be a steady state at this temperature, R(T) = G(T). 
See Polymath program P8-18-g.pol. 
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UA 
к = 
ЕС а 
R(T) = С„(@+к)(Т -Т„) = 73520 
1, + KT, 
1+к 


If we plug in the values and solve for UA, we get: 
UA = 7421 cal/min/K 


where T, = 


P8-18 (h) Individualized solution 


P8-18 (i) 
The adiabatic blowout flow rate occurs at т = 0.00415 
т = 0.00415 = X 
Ур 
ур = TV =0.0041*10 
dm? 


v, 20.041 — 
min 


See Polymath program P8-18-i.pol. 


P8-18 (j) 


Lowing То or Та or increasing UA will help keep the reaction running at the lower steady state. 


P8-19 


Given the first order, irreversible, liquid phase reaction: 


А->В 
UA =1.0cal / тіп/9С T, =100°C 
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Pure A Feed =0.5g mol / mn Ca = Cn 2cal/ g —mol/°C 
cal 


АС,-АС,,-АС,,-0 АН,--200 = const 
g mol А 
Design Eqn: yout месте 
-r, k(ü-X) 
RateLaw: —-r,=kC, 


Stoichiometry C, = C,,0- X) 
Energy Balance -UA(T - Tj) - Е ХАН, = КВ С dy 


Simplifying, 
otk __ l 
1+7 | ph 
tk 
Е,(-АН 
Q, = FX (-AH,) Et ын 
lk 
tk 
This 1s the curve plotted in the problem statement From the equation for heat generation curve, we 
get 
MEE за а NEA 


The equation for heat removal curve 15: 
Op = ЕС „(1 -T,) + UAT -T,) -.5%2%(7-Т,)-10%(7-Т,) 


Og =2T =100 
Plot this along with the heat generation curve for various To. This 1s shown 1n the figure 


— == 


(21202723 
| — — то=150 | 
Ie то=160 | 
|- -= -То=170 | 
|- -- —То=180 | 
— — 102190 
|--- --То-200 
52210210) 


Н ваї {са 


The intersection between Qg and ОК can be used to 
prepare the ignition - extinction curve shown in figure 

| | : кіші (7-11-4 
P8-22-2 The values for Ts as a function of inlet 
temperature, То, are tabulated below. 
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132 
135, 172 
| 160 |137,168,176 


0 
0 142.5, 167, 181 
2 
0 


16 

17 

19 154.5, 165, 193.5 
20 

2 


162, 199 
1 


P8-19 (a) 


To obtain high conversion, the reactor must operate at or beyond point 14 in figure. So the 
minimum inlet temperature for high conversion is To 2 202 °C. 


P8-19 (b) 

The temperature of the fluid in the reactor corresponding to temperature in part 1 is Ts > 199 °C 
(point 14 in figure). 

P8-19 (c) 

The inlet temperature of the fluid is To = 202 + 5 = 207 °C. This will be somewhere between points 
14 and 15 in figure. Once the fluid is cooled from this temperature, it will follow the line formed by 
points 15, 14, 12, 9, etc.. Now To = 207 - 10 = 197 °C. From figure, Ts = 195.5 °C. From equation 
(5), 

О; = 2%196.5 -19 – 100 = 95 cal / mol 


Qr = О, = 96 са / mol 
So, X = ©, = 0.96 
100 
Р8-19 (4) р 


Extinction temperature is the temperature corresponding to point 3 in the figure = 157 o 


P8-19 (e) Individualized solution 


P8-20 (a) 

The following are the explanations for the unexpected conversion and temperature profiles 
Case 1: Broken preheater or ineffective catalyst 

Case 2: The equilibrium conversion was reached due to a problem with the heat exchanger 
Case 3: Broken preheater or ineffective catalyst 

Case 4: The equilibrium conversion was reached due to a problem with the heat exchanger 
Case 5: Ineffective catalyst 

Case 6: The equilibrium conversion was reached due to a problem with the heat exchanger 


P8-20 (b) 
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раа 


The following are the explanations for the unexpected conversion and temperature profiles 
Case 1: Broken preheater or ineffective heat exchanger 

Case 2: Ineffective catalyst 

Case 3: Broken preheater or ineffective heat exchanger 

Case 4: Ineffective catalyst 


P8-21 
Below is the FEMLAB solution. 


1. Parameters in simulation on the tubular reactor in Problem 8-6: 
Reaction: A+ B — C 
(1) operating parameters 
Reactants 
Inlet concentration of A Су = 100 mol/m* 


Inlet concentration of B С, — 100 тот? 


@ Inlet total flow rate v, = 2x10? m/s 
@ Inlet temperature of the reactant T, = 300K 


(2) properties of reactants 
e Heat of reaction, AHp,, dHrx = -41+20+15=-6 kcal/mol=-25100 J/mol 
e Activation energy, E = 41840 J/mol 


e Specific reaction rate А, = 0.01x10 ^ m'/mol.s @300K 


К Ln Т 
e Gas constant, R = 8.314 J/mol- K 
e Rate law ~r, =kC,C, 


e Reaction rate k =k, Zr ra 2 »| 


Assumption: 
e Thermal conductivity of the reaction mixture, ke = 0.68 W/mK 
(needed in the mass balance and the energy balance) 
e Average density of the reaction mixture, p, rho = 1000 kg/m? 
(needed in the energy balance) 
e Heat capacity of the reaction mixture, Cp = 4200 J/kg-K 
(needed in the energy balance) 


e Diffusivity of all species, Diff = 10? m/s 


2. Size of the Tubular Reactor 

(1) Volume of reactor sized by a PFR = 0.317 m? 
(2) From FEMLAB 

e Reactor radius, Ка = 0.1 m 

e Reactor length, L = 10.0 m 


3. Femlab Screen Shots 
(1) Domain 


AxesiGrid Settings 


Г] Axis equal 


prz limits — | MUI ығ 


(2) Constants and Scalar Expressions 
- Constants 


# 4 


му тирана 


| Name... 


- Scalar Expressions 


КА _ САО-САЈСАО 


e E 


(3) Subdomain Settings 
- Physics 
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(Mass balance) 


| p Equation =- Eds ықы 


Subdomain selection 
os КӨК 

Library material | m Е 9 
Quantity Value Expression 


a, 


£5) Disotropic 


Сэр anisotropic 


| [7] Select by group 


|| (Асе in this domain 


Description 
E Time-scaling coefficient 


Ш | Diffusion coefficient 


| Diffusion coefficient 


r-velocity. 


H 
H 
H 
"ү 
1 


z-velocity 


(Energy balance) ___________ Е. 1 _ 6. 1 
Equation | 
| VeCKVT + рН) Он pC ue, T= temperature | 
pSubdornain selection: wg h Physics 1 hh 
| ү Thermal properties and heat Sources/sinks Эр 
jo] Ж : ee E 
|; .| Library material | | 
| ШІСІ, : | 
| OM 8200 T | Time-scal g coefficient | 
| ! (3) k (isotropic) | “Thermal conductivity | 
n j^ | б | Thermal conductivit 
«УК (anisotropic) ] | tivity | 
р л | Density. 
| | Ср ` | Heat capacity, | 
а | Heat source | 
|| u | velocity 
v velocity 
| Тена ct л ЦОГТ pecies diffusion inactive - i 
| [V] Active in this domain ЗЕ ЛЕТ Diffusion... i] 
- [nitial Values 


(Mass balance) cA(t0) = сАО 
(Energy Balance) T(t0) = TO 


- Boundary Conditions 

@ r=0, Axial symmetry 

@ inlet, cA = cAO (for mass balance) 
T=TO (for energy balance) 

@ outlet, Convective flux 

@ wall, Insulation/Symmetry (for mass balance) 
Thermal Insulation (for energy balance) 


(4) Results 
(Concentration, cA) 


8-71 


FEMLAB - Geom4/Convection and Conduction (EnergyBalance) : Problem 8-21.fl | 


па завио по т 


Contour: Concentration, cA a Мах: 97 38. 


& 00 
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P8-22 (a) 


Liquid Рһазе:А-В->С 


С,-С,(1-Х)-С, 
The energy Balance: 


_Ua(T,-T)+(- Cr)C-AH,) -АН,) 
Fy[C,, +С +, | 


а--- 
р 


Assume D = 4 


5J 
m Ks 


1cal 
гэв х----- = 
4.1847 10ат? 


Im? 


See Polymath program Р8-22-а.рді. 


Ја values of DEQ variables 


2 Ir 


=. 


[1 
i 
iod LR 


- 


"— 


~; 


© 
DA 


лены 


са 
icb 


ша та 
12 |cpb | B 
113] cpa | 
14| fao С 


ир 4 


| Variable 


Initial value | ‘Minimal маше ‘Maximal value | Final value | 


(10000. — 


300. 
11.988 


poe 


0.1 


10.003799 
10.003799 — 
| 0.01 E 
| 0. 0010427 - 


cal 
dm’ Ks 


1000. 
|434. 7779: 


: 10. 9620102 
1300. 
1. 988 - 


10000. 
0.1 

o1 
ол 

11. 808628 


z 47Е-06. Е 


15. 


0.2 | 
_|-6000. ||| 
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| |н. 47E-06 - 
015. 


red “ӨЕ $ 
дом 
Q: 
iO 


1000. 


1 

| | 

[348.2031 
А 


10. 9620102 
|300. 
р 988 | 


| |10000. 


іо, 1 
|0. 003799 | 


тєр 


. [0.003799 


0. 1018746. 


| 
1 
| 
| 


| 
| 


" 
| 
1 


Explicit equations 
Ta = 300 

R = 1.988 

E = 10000 

сао = d 

а = cao * (1 - X) 
р = cao * (1 - X) 


а = -k * ca * cb 


420 


300 mis 
0 200 400 


P8-22 (b) 


ү 


600 800 


= .01 * ехр(-Е / R * (1 / T - 1 / 300)) 


1000 
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Gas Phase: A z2 B+C 
dX Ta 
а” Е, 


-r = КС –К, СЕСЕ 


С,-С.-С,--- 


X 1 


R 


The energy Balance: 


ат Шат, Т) 
FC, 


ау 


LXT 


k =.133* exp EU 


2) 


3l E, = 514КЈ / то! 


г,Х-АН,) 


АН,--40-50--70--20КУто! 


0-5 


See Polymath program P8-22-b.pol. 


Calculated values of DEQ variables 
| p variabie Ија) value | ‘Minimal value, Maximal value. Final маше | 


келеге 


323. Е 


 |1,013Е+06 
|304. 6819 
E 


ид 6819 


0 


Differential equations 
1 d(X)/d(W) = -rA / vO / САО 


i 
! 
? т. 
| 


10.0651696 | 


0 

|0 

(371, 902 
|400. 


| 
E 
H 


120. 


10.0622149 | 
|5. 


323. M 
[1.013Е-+06 - 
304.6819 


(2928948 | 


0 


|5. 


BB 
11.013Е+06 


|304. 68 19 
1304. 6819 


_ |17.40323 — 


17. 40323 | 


іш. 2446624 | 


_ |0.0560855 
Е [371.9 902 
1400. 


150. 


(0. 0651696 


B 


10.0622149 


i 
|| 
| 
i 
i 
E 
| 


|-0.2446624 | 


2 d(T)/d(W) = (Uarho * (Ta - Т) + rA * 20000) / vO / САО / 40 


Explicit equations 


PO = 1013250 
САО = РО / 8.314 / TO 
СА = САО * (1-Х) / (1 + Х) * T0/T 
СС = CAO *Х / (1 +X) *TO/T 
СВ = САО *Х / (1 +Х) * ТО /Т 
ТА = -(К * СА - kr * CB * СС) 


400 
394 | 


388 


P8-23 


First note that ACp = 0 for both reactions. This means that АНь,(Т) = AHg&? for both reactions. 


Now start with the differential energy balance for a PFR; 
ат Шен Ул(САНы ) _ Ua(T, T) he (“AM ал) + an АН) 


ау > КС У БС 
If we evaluate this differential equation at its maximum we get 


A =0 and therefore, Ua(T, - T) - nc AH вас“ Бран ррр = 0 


We can then solve for гус from this information. 
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ааа 


m Ua(T, -T) - n5 AH ар Ж Ua(T, - T) - ;C;CcAH Rrap 
АН sac АН sac 
_ .10(325 — 500) - 0.4 (0.2) (0.5) (5000) 
= -50000 
қс = 0.039 = KcC,C, = kic (0.1)(0.2) 


Ке =1.95 


Е( 1 1 
саю) 7 cun ЄХР e 2007 500 


= 0.039 


ЖЭ 
400 500 


са! 


P8-24 (a) 


See the additional homework problems in chapter 8 at http://www.engin.umich.edu/~cre for the full 


solution. 


Isothermal: T = 323 K 
Rura” 1, Q7 40 mol/L 


P8-24 (b) 


See the additional homework problems in chapter 8 at http://www.engin.umich.edu/~cre for the 


equations to enter into Polymath. Then vary to see its effect. 


каа 


P8-24 (c) 


See the additional homework problems in chapter 8 at http://www.engin.umich.edu/~cre for full 


solution 


Non-Isothermal: To = 353 E, Tw = 298 К 
Вила = 1.0, Q= 200 Lénin 


---2МІВ ---2М5 — —M«OH -— ТАМЕ 


P8-24 (d) No solution will be given 


P8-25 

Mole balance: 
dF, dF, dF. 
А ptu xi^ 
aw dw dw 

Rate Laws: 


ГА = hp tha th, 

Tg =ha the 

To = ВА 

ha = КСА 

=g = КС 

Kya = KC, 
Stoichiometry: 


СЕС Fo 
ET 
c, = c, Phe 
ЕТ 


Energy balance: 


ат = бай, -T)* Сп ДАН gua) t (тв) + ha MAA сад ) 


dW Е.С, + FC, + FC, 
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АТ _16(500-Т)+ (71,)1800-- (—Tgn 1800 + (—7,4)1100 


dW | 


k, =0.5ехр[2(1-320/Т)] 


- 
Кс 


k, -0.005ехр|4.6(1-460/7)| 
Ko « 10exp[4.8(430/T —1.5)] 


See Polymath program P8-25.pol. 


Calculated values of DEQ variables 


4 


19 [И 
20 са 
21 icb 


ma | 


a 


23| |r3a 


24) E : | : e. 


127 ra 


Variable Initial valu iM 
20 


10.5312401 | 
| 0008165 


ЕСЕ 


3. 885029 
0. 1367403 


11. 
0. 5312401 


40 0008165 
lo. 0008165 


ол 1367403 - 
0. 3944998 | 
/|-0.3953164. 


0. 9261241 


| (0. 6296429 | 


P 
(o.0008165 
2. 


H 


i2. 


1330. 
| ІН 062332 | 
10.1367403 — 
10.5682599 — 


0. 7341242 
-0. 5 748799 


је. 002138 


0. 0007594 


los 5770243 | 


103953164 


100(F, + Е, + F-) 


1100. 


136806 00 


11. 


(02044134 (0226 
| (416. 3069 | 


116. 


|500. 


|-1800. 
|-1100. 
100. 


du ee 
| |100. 

10.7941566 — — 
_ (00030853 22 
«|> 


330. 


| |3. 885029 


lo. 74756 | 


: " 253213 | 
0. 362406 ИЙГ 
19. 0007594 Шш 


1 


0. 002138 


|-0.1367403 | 


1000510521 
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Л. 062332 М 


| | 
10, 0. 7341242 
к |-0.5473402. 


1 


i 


Nx 5488019 | 
104 0014617 | | 


ad 
Ш |9. 0006647 | 


іпіта! value | ‘Maximal value | ‘Final value, 
1100. 
|0. 9261241 


E 


(0. 7941566 
0. 0030853 7 


10. 74756 
0. 6892094. 


———— — — Á— —— ИЕНА ТЕ 


|-0. 0021264 
0. 0021264 


ие gs RÀ aea: i. 


Санж (НИ лен қылын ы ыды, Aes 


Differential equations 

1 d(fb)/d(w) = rb 

2 d(fa)/d(w) = ra 

d(fc)/d(w) = re 

d(T)/d(w) = (Ua * (Ta - Т) + (-гіа) * (-Dhria) + (-r2b) * (Dhria) * (-r3a) * (-Dhr3a)) / (fa * cpa + fb * 
4 срб + fc * cpc) 


Explicit equations 
а = 16 

а = 500 

hria = -1800 
hr3a = -1100 


КІ = .5 * exp(2 * (1 - 320 / T)) 
КЗ = .005 * exp(4.6 * (1 - (460 / T))) 


12 то = 330 

H3 Кс = 10 * exp(4.8 * (430 / T - 1.5)) 
44 К =k1/ Kc 

15 ca-ct*fa/ft* To / T 
16 cb = ct * fb / ft * To / T 
A rla = -К1 * ca 

| ГЗа = -КЗ * ca 

| rc = -r3a 

| r2b = -K2 * cb 

21 rb = -rla + г25 

22 ra = -r2b + па + гЗа 


P8-25 (a) As seen in the above table, the lowest concentration of o-xylene (A) = .568 mol/dm? 


P8-25 (b) The maximum concentration of m-xylene (B) = 1.253 mol/dm* 
P8-25 (c) The maximum concentration of o-xylene = 1 mol/dm? 
Р8-25 (d) The same equations are used except that Еве = 0. 


The lowest concentration of o-xylene = 0.638 mol/dm3. The highest concentration of m-xylene = 
1.09 mol/dm3. The maximum concentration of o-xylene = 2 mol/dm3. 
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P8-25 (e) 

Decreasing the heat of reaction of reaction 1 slightly decreases the amount of E formed. Decreasing 
the heat of reaction of reaction 3 causes more of C to be formed. Increasing the feed temperature 
causes less of A to react and increases formation of C. Increasing the ambient temperature causes a 
lot of C to be formed. 


P8-25 (f) Individualized solution 


P8-26 (a) 

Ac B+C 

A>D+E 

А+С—УЕ+а 

We want ће exiting flow rates B, D and F 
Start with the mole balance in PFR: 


dF, F; dF, dF, 
uv 4 aer rdg — = қ, = 
dV dV dV ET 
Ge, Wet Mior 
Rate Laws: 

ПЕЙ, рл һү 

T5 = hs 

To =h, Thr 

Ip = hg 

Үс = hg 
Үр = Уур 

= 0(1- д) exo( -0 08359 NS pe fate 


=ра- бехр| 3. 2352-2799 (р, 


p - ф)ехр (o. 2961 AE nn ) 


Stoichiometry: 
F 

P,=— Fro 
Е 

P, =p, 
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F. 
Е = E Pa 
F, 


F, = F, +F tF, ЋЕ +F; tF; АРЕ; 


F, = steamratio x .0034 


Energy Balance: 


ат _ 


dV F,*299+ F, +283+ Е, #30 + F, *201+ F, #90 + Е, *249 + Е, *68+ F, *40 


~(7, AH ыд +7,в АН рд + fp AH за) 


Ка = 22 Žan, In(T)+[(b,T +b,)T D 


See Polymath program P8-26.pol. 


For TO = 800K 
Calculated values of DEQ variables 


| |Variable| Initial value 


1 lv lo 
b Б ЕЕ | = 


1 
|2137. (2137. 
“01646 [04 
En 0459123 [0.0 0196554 | 
e aar | 
| 0 04988 0.04988 
_ (0.05332 | lo 05332 | 
7 81548387 (01104652 
| Е ы 
ee ORS) 
2225 — Ё 991E-06 |5.16Е-07 
2314  2.991Е-06  |5.16E-07 


samaritan ia Варварина иной, 


fms 


1800. 


а 
1 - 1.18E+05 | 
| 15.39Е +04 


win aman 


Ж ЖЫНЫ сыр шын тары 9 
‚© 


eo 
ə Minimal ч value | Maximal value 


ins 
È 


! oi 


o ooo 


о © 


1765. 237 


|1.186+05 - 


ШГ 052Е+05 


|-5.39Е+04 | Е Е 


0. 00344 | 


(0. 0008615 


|0. 0381277 Е iu 


р. 991Е- 06 


7 |2.991Е-06 
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мою” 0 


|0. 002496 | 
|0.0 
| 0008615 


[10 078E- 05 


(3.588-05 | 
|3.588Е-05 


_ [765.237 


varie 


B 18Е+05 | 
m 052Е +05 | | 


|-5.39Е+04  |-5.39E+04 


ИСА |2137. | 
10.4 104 | 
10.0459123 — (00196554 | 
145 45 00 
(0.04988 |0. 04988 | 
“00542282 —— p. 0542282 
. 0.1548387 — [01104652 | 
| lo. 0397155 р 0397155 | 


10. 0381277 23 


5. 16Е- -07 


| 
2 [616807 | 


[uen 
| 

B 
0008974 3 | 
| 
| 

| 

| 

| 

| 


[1.078Е-05 - 


| 


_ 5.4607 2.991806 |516Е07 _ 

зосон E BEN 
|4196E06 —— 4. 
4196-06 14.151Е-06 | 
10.0002138 | "bas 481E-05 | 
10002138 2481E-05 | 
10.0002138 ^ |2.066E-05 | 


7 ЕСІ 0002167 -2,948Е-05 -2.948Е-05 | 


8 2481605 | 
2481505 | 


| 


Differential equations 
1 d(fa)/d(v) = га 

2 d(fb)/d(v) = rb 

3 d(fc)/d(v) = rc 

4 d(fd)/d(v) = rd 

5 d(fe)/d(v) = re 

6 d(ff)/d(v) = rf 


7 d(fg)/d(v) = rg 


8 


* 68 + fi * 40) 


Explicit equations 
1 Hla = 118000 
H2a = 105200 
H3a = -53900 
p = 2137 
phi = .4 
= exp(-17.34 - 1.302e4 / T + 5.051 * In(T) + ((-2.314e-10 * T + 1.302e-6) * T + -0.004931) * Т) 
sr = 14.5 
fi = sr * .00344 
ft = fa + fb + fc + fd + fe + ff + fg + fi 
Ра = fa / ft * 2.4 
Pb = fb / ft 2.4 
Pc = fc / ft 2.4 
r2b = p * (1 - phi) * exp(13.2392 - 25000 / T) * Pa 
rd = r2b 
re = r2b 
6 r3t = p * (1 - phi) * exp(.2961 - 11000 / T) * Pa * Pc 
rf = r3t 
rg = r3t 
rls = p * (1 - phi) * exp(-0.08539 - 10925 / T) * (Pa - Pb * Pc / КІ) 
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d(T)/d(v) = -(rls * Hla + r2b * H2a + r3t * H3a) / (fa * 299 + fb * 273 + fc * 30 + fd * 201 + fe * 90 + ff 


20 rb = rls 
21 rc = rls - r3t 
22 ra = -rls - r2b - r3t 


Fstyrene = 0.0008974 
Fpenzene = 1.078E-05 
Fioluene = 3.588Е-05 


SsiBT = 19.2 


P8-26 (b) 
To = 930K 


Fstyrene = 0.0019349 
Foenzene = 0.0002164 
Fiotuene = 0.0002034 


$5вт = 4.6 


Р8-26 (с) 
To 1100 К 


Fotyrene = 0.0016543 
раве = 0.0016067 
Јене = 0.0001275 


Plotting the production of styrene as a function of To gives the following graph. The temperature 


Ss/BT z 0.95 
P8-26 (d) 
that is ideal is 995K 
LOL e ERR 


| € Pb (Styrene) vs. To 


Ariat didi Да 
0.0023 

0.0022 L 

C.0021 T 


цаг 2 


0.0018 т 9 
С.0017 j / 
0.0016 Т 

0.0015 + j 
0.0014 + 


860 960 


1090 


1190 


1200 
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P8-26 (e) 


Plotting the production of styrene as a function of the steam gives the following graph and the ratio 
that is the ideal is 25:1 


Ф Fh (Styrene) vs. sr 


P8-26 (f) 

When we add a heat exchanger to the reactor, the energy balance becomes: 

ат _ Ua(T, - T) - (n, AH, * АН кол + АН p34) 

dV Е,*299+ Е, *283+ Е. *30+ F, *201+ Е, *90+ Е, *249+ Е. #68 + F, *40 
With T, = 1000 K 

Ua = 100 kJ/min/K = 1.67 kJ/s/K 


The recommended entering temperature would be То = 440 K. This gives the highest outlet flow 
rate of styrene. 


4.0e-3 300 


32e3 240 
2.4e-3 180 
1.6е-3 nol 
вде-4 || 7 60 


0.0e9 b= 
0 


P8-26 (2) Individualized solution 
P8-26 (h) Individualized solution 


ee CNP 7 heh eer e 


Adiabatic exothermic, adiabatic endothermic, exothermic with cooling, endothermic with heating. 


All the profiles show the rate of reaction dropping toward the end of the reactor. 


P8-27 (b) 
The non-adiabatic profiles show an increase and a decrease in temperature profile, and the adiabatic 
profiles do go from increasing temperature to decreasing temperature (or decreasing to increasing). 


P8-27 (c) 

Figure E8-5.3 shows a decrease in temperature while the reaction rate is large because the reaction 
is endothermic. Once the reaction rate drops, the heat exchanger increases the temperature profile 
because the reaction is no longer removing much heat. 


Figure E8-3.1 shows a steady increase in temperature until the reaction rate drops to near zero. The 
reaction rate increases at the beginning of the reactor because of the increase in temperature 
affecting the specific reaction rate. At too high a temperature the equilibrium constant gets vbery 
small and the reverse reaction becomes more prominent and thus the rate decreases as the 
temperature rises above 350 K. 


P8-27 (d) | 

In Figure E8-10.1, the temperature increases quickly until the reactants аге used up. Then there is no 
more heat generated from the reaction, and the heat exchanger lowers the temperature. Figure E8- 
10.2 shows that the flow rate of A drops to about zero at about the same time the temperature 
reaches a maximum. Once there is no reactant, the reaction ceases and the flow rates of the products 
remains constant. 


P8-28 (a) | 
2А———эВ 
a) Design equation: 
ах _- 
ЗУ Бо 
Rate law: 
-7 =kC} | 
Stoichiometry: | 
C, = Сл ( ” X ) | 
Energy balance: | 
dr „Ча, ~T)+ Cr X- AH) | 
dV й Е оС pa | 
ат _ 5(700--T)+ (231 + 012(r – 298-74) | 
"c ле 


Plugging those into POLYMATH gets the following program and the following 
graphs. The conversion achieved is 0.36. 
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See Polymath program P8-28-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 10 10 

T 675 675 715.55597 704.76882 
X 0 0 0.3580882 0.3580882 
Fao 5 5 5 5 

Ua 5 5 5 5 

Ta 700 700 700 700 

dHr -235.524 -236.01067 -235.524 -235.88123 
Cpa 0.1222 0.1222 0.1222 0.1222 

k 0.0734336 0.0734336 0.3658299 0.243008 
Cao 1 1 1 1 

Ca 1 0.6419118 1 0.6419118 
ra -0.0734336 -0.3335975 -0.0734336 -0.1001316 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(T)/d(V) = (Ua*(Ta-T)+(-ra*(-dHr)))/(Fao*Cpa) 
121 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] Fao=5 
[2] Ua=5 
[3] Та-700 
[4] анг = -231-0.012*(T-298) 
[5] Сра = .1222 
1 k= 1.48e11*exp(-19124/T) 
[7] Сао-1 
1 Са = Сао*(1-Х) 
1 та = -К*Са^2 


P8-28 (b) 


8-87 


Using the same POLYMATH program we were able to change the entering 


temperature and come up with this graph. 


Conversion vs temperature 


600 800 


400 
Temperature, K 


P8-28 (c) 


Again using the same POLYMATH program, we can vary the ambient 
temperature until the reaction runs away. As the following summary table will 


show the maximum temperature is 708 K. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


V 0 0 10 

T 675 675 758.02032 
X 0 0 0.4862844 
Fao 5 5 5 

Ua 5 5 5 

Ta 708.2 708.2 708.2 

анг -235.524 -236.5196 -235.524 
Сра 0.1222 0.1222 0.1222 

k 0.0734336 0.0734336 1.6320169 
Cao 1 1 1 

Ca 1 0.5137156 1 

ка -0.0734336 -1.078707 -0.0734336 
Р8-28 (d) 


final value 
712.2666 
0.4862844 
5 

5 

708.2 
-235.9712 
0.1222 
0.3233503 
1 
0.5137156 
-0.0853333 


When the reaction becomes adiabatic the energy balance will then 


become: i 


aa entem m meten 


However, the heat of reaction is a function of temperature. This is a circular 


reference, so we need to find T as a function of just X. 


та 


Plugging that into POLYMATH gets the following program and graphs. 
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See Polymath program P8-28-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V о . 0 10 10 

X 0 0 0.0304837 0.0304837 
Fao 5 5 5 5 

Ua 5 5 5 5 

Ta 708.2 708.2 708.2 708.2 

To 675 675 675 675 

Cpa 0.1222 0.1222 0.1222 0.1222 

т 675 618.33416 675 618.33416 
Cao 1 1 1 1 

Ca 1 0.9695163 1 0.9695163 
ану -235.524 -235.524 -234.84401 -234.84401 
к 0.0734336 0.0054738 0.0734336 0.0054738 
ra -0.0734336 -0.0734336 -0.0051452 -0.0051452 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
(11 Fao=5 

2j Ча=5 

[3] Ta- 708.2 

[4] То = 675 

5] Cpa = .1222 

[6] T= (To*Cpa-231"X-3.576*X)/(Cpa-0.012*X) 
[7] Cao=1 

[8] Са-Сао%1-Х) 

[9] анг = -231-0.012*(T-298) 

[10] К= 1.48е11*ехр(-19124/Т) 

[11] га = -к*Са^2 


0.040 


0.032 


0.024 


0.016 


0.008 | 


Р8-28 (e) 
When it becomes reversible with inerts the two equations that change are the 
rate law and the energy balance. 


= г, = (c: 2j 
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ат Ua(r,-T)* Cr. X- AH,) 


av FalCa+0,C, 
К =100000ехр АНА _1 
R65 T 


We can use those equations in POLYMATH and the following graph is made: 


Conversion vs. temperature, 


1 reversible 
$ 08 
5 06 
E a 
8 2 


ч Temperature 


There is no maximum because the reaction is a runaway at a certain temperature 
and the conversion goes to close to one at that point. 


P8-28 (f) No solution will be given 


P8-29 
The elementary, reversible, gas phase reaction A+B «о 2C 
Feed: Fao = Ево = 20 mol/s = 1200 mol/min. 


Po = 580.5 kmol = 5.74 atm. 
To = 77°С = 350°К 
Yao = Үво = 0.5 

_ХлоРо _ (0.5) (5.74 atm.) 


RTo 3 082 - sla | GS") ЗОЛ ЭНН 


Cao = 
moPK 
Rate constant: k =k; БІТЕП 
70,000 

mules on |70550 8.314 wi oe -4 


= 0.035 exp (8419. 5 65-4) 


273 Т (1) 
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Equilibrium constant: 
АН (Тр) = 2Нс - НА - Hg = 2(-45,000) + 40,000 + 30,000 = -20,000 Ј/тоје 
АС, = 2Сре - Ср, - Ср, = 2(20) - 25 -15 =0 
So AHg (Т) = constant = -20,000 J/mole (2) 


ке = Ка exp [АВВ] 


-20,000 
Ke = 25,000 exp 20001.) 


Kc = 25,000 exp [-2405.6 (1-- 1) 


298 Т (3) 


k and Kc can be calculated by equation (1) and (3) if T is given. 


СА = Слој] - X) f 
Св = Са -ХЕ  wheef= 10 


Cc =2Cao Xf 
Substitute Ca, Св, and Cc into Кс 


Kc» 404) X? f? ..AX2 


Cüu-XPf? (1- XP 
ко (1- Х)2 {2 (1-Х) (4) 


= 2X. = КЄ 
ҮКс= 1-х ч Xa 2+ YKc (5) 


Calculate УК as a function of temperature from equation (3), substitute in equation (5) 
to get Ха as a function of T. Energy balance for adiabatic condition’ 


-X AHg = E 6; C, (T- To) (6) 


Өд = Өв = 1, Өс-0, То = 350К 
Substitute : + 20,000Х = (25 + 15) (Т - 350) => T = 500Х + 350 

ог X = 0.002 (T - 350) | (7) 
Equations (3) (4): 


AX? _ 
Coo [24056 би 350 PETITS 
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Xeq = 0.8667 


0.85Х„ = 0.7366 = 07 


(a) Plug flow reactor design equation: V=Fao | sX " 
Rate law: E 
(2X 
«акна yp EXP (9) 
y = Fao грав | m= 
ii Cho | rafa- xp- gE (0.1)? ° 
Ke 
У =1.2 х 105 ET where ВО = —,——L——— —á4 
2|(1. xp - 42 
| т С ХР E (10) 


To evaluate the integral, we need to evaluate f(X) as a function of X. This is done in the 
table below: 


X TK Кс k fa 
(eqn. 7) (eqn. 3) (eqn. 1) (eqn. 9) 
0 350 7534.8 30.96 0.0323 
0.1 400 3191.1 626..1 .. 2.58 х 1053 
0.2 450 1635.9 6491.5 3.98 x 104 
0.3 300 958.5 4216 x 10* 9.89 x 105 
0.4 550 618.9 1.949 x 105 3.53 x 105 
0.5 600 429.9 6.978 x 105 1.70 x 105 
0.6 650 315.8 2.054 x 106 1.08 x 105 
0.7 700 192.8 1.155 x 107 4.98 x 106 


The integral can be evaluated using Simpson's rule for the first six segments and 
trapeziodal rule for the last segment. 


2 
I= [ f(X) dX = ал. [0.0323 + 4(2.58 x 103) + 2(3.98 x 104) + 4(9.89 x 105) 
9 


+ 3.53 x 105) + 4{1.70 x 10-5) + 1.08 x 105] «0368 х 105 + 4.98 x 105] 
I= 1.5 х 103 


Vern = (1.2 х 105}(1.5 x 103) = 1801. 
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‚ Ехошептис, adiabatic 


О distance down the reactor 
(с) CSTR design equation: У = РАКА. 


NEED NR 
ke Cho £2[(1 -хр - 4€] 


15001. x (0.1)? (mol? 
— = -v = 0.0125 
ке. хр. 202 1200 ШО. 


„хр. 4X2 = 80-Х 
я Кс f?k 


1-2X + Х2.4Х2 = 80X 
Кс f 2k 


(а-а х +1 0 
Let by = 1 - and by = 2 + 5D 


| бо ЕМ bi - 4bi 
25 
Nonadiabatic energy balance: 


GUA (T - TA) - XAHg = E Ө; С, (T - To) 
Fao 


ху 
Білетін W 3.6 x 1051 
—mK X .ikW х 1 (T - 290) + 20000X = 40(T - 350) 


1200 ШОГ. 1000W боша ІКМІт 
mun 


-T + 290 + 20,000X = 40T - 14,000 
Т = 348.5 + 487.8 X 


(13) 


| 
H 
| 
i 
ke 
| 
| 
| 


So the procedure to calculate X is as follows: 
1. Choose increments in T and calculate X as a function of T from equation (13). This is 
the value given by energy balance. 
2. Choose increments іп Т and calculate bj and b2 from equation (11). (Kc and К can be 
calculated from equation (3) and c1) respectively.) 
3. Calculate X, discarding X > 1 or X <0. This is the value of X given by material 
balance. 
4. Plot X vs. T given by equation (13) and (11) on the same graph. The ако а 
the conversion in the reactor. A typical graph looks like the following: 


Operating point 


The actual calculation gives: X = 0 which is the conversion in CSTR. 


d) The same equations can be used except that АН, = 20000 and T, = 550K. The 
following graph shows the equilibrium conversion for this case. 


Conversion vs temperature 


The c following POLYMATH program gives the PFR volume necessary to get a 
conversion of .65. 


See Polymath program P8-29.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 1.0E+08 1.0Е+08 
X 0 0 0.6495463 0.6495463 
Fao 1200 1200 1200 1200 

T 550 225.22683 550 225.22683 
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Cao 0.064 0.064 0.064 0.064 


To 550 550 550 550 

k 1.949Е+05 5.047Е-05 1.949Е-05 5.047Е-05 
Кс 1.01Е+06 1841.4832 1.01Е+06 1841.4832 
f 1 1 2.4419826 2.4419826 
Са 0.064 0.0547713 0.064 0.0547713 
Cb 0.064 0.0547713 0.064 0.0547713 
Сс 0 0 0.2030311 0.2030311 
га -798.17344 -798.17344 -1.503Е-07 -1.503Е-07 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
11 Fao = 1200 

2] Т= -500*Х+550 

3] Сао = .064 

4] То = 550 

51 k= .035*ехр(8419.5*(1/273-1/Т)) 

6] Kc = 25000*exp(2405.6*(1/298-1/T)) 

7] f=To/T 

81 Са = Cao*(1-X)'f 

9] Cb = Cao"(1-X)'f 

1101 Cc = 2'Cao"*X"f 

1111 га = -k'(Ca*Cb-Cc^2/Kc) 


The CSTR conversion can be found similarly to the equilibrium conversion. The 


following graph was made to find the conversion. 
Conversion vs temperature 


230 280 330 380 
Temperature 


The graph shows a conversion of .39 at a temperature of 351.8К 


e) If the reaction is left in a large enough volume it will “runaway’. If any of the 
quantities get bigger, then it will run away even faster. 


о ee шн temperature around the CSTR has little effect on the conversion in 
е Я 


А 


Р8-30 (а) 
P8-6 is adiabatic so the radial reactor has no effect on it. 


P8-30 (b) 


8-95 


а” ЕВ, 
=r; = КС, 
ec ic:*h, 

Ca = Сот 7? 

dy -а 

dW 2y 

2h 

ОСИ 
ат FC 


Since h and p are unknown, we will assume that they are both equal to one. 


We will also assume that г varies as УУ? varies. 
50: 


ат UOT - T) (7r (-AH,) 


dw FA 
5-5 5 
У) (7, 


See Polymath program P8-30-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


W 0 0 50 

У 1 0.8062258 1 

X 0 0 0.7845538 
T 450 450 756.08452 
Fao 5 5 5 

alpha 0.007 0.007 0.007 

Ta 300 300 300 

анк1 -2.0Е+04 -2.0Е404 -2.0Е-04 
Wo 0.01 0.01 0.01 

To 450 450 450 

E 3.14Е+04 3.14Е+04 3.14Е+04 
В 8.314 8.314 8.314 

Сао 0.2498645 0.2498645 0.2498645 
X1 0 0 784.55376 
yl 1000 806.22577 1000 

U 5.0Е-04 0.9244844 5.0Е-04 

k 1 1 29.893648 


8-96 


final value 


50 
0.8062258 
0.7845538 
756.08452 
5 
0.007 
300 
-2.0Е+04 
0.01 
450 
3.14Е+04 
8.314 
0.2498645 
784.55376 
806.22577 
0.9244844 
29.893648 


0.2498645 0.0320395 
0 0 

0.2498645 0.0320395 
1635.8981 187.88715 
-0.0624323 -0.1234947 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 


1] 
2] 
31 


1] 
2] 
3] 
4] 
5] 
[6] 
[7] 
8] 
9] 
101 
11] 
12] 
[13] 
[14] 


d(y)/d(W) = -alpha/(2*y) 
d(X)/d(W) = -ra/Fao 
d(T)/d(W) = (U*(Ta-T)+(-ra)*(-dHr1))/(Fao*40) 


Explicit equations as entered by the user 


Fao=5 

alpha = .007 
Ta = 300 

dHr1 = -20000 
Мо = .01 


А = 8.314 
Сао = 9.22/(.082*450) 
Х1 = 1000*X 
y1 = 1000*y 


U = 5*(Wo^.5/(W^.54..000000001))^.5*(T/To)^.5*y^.5*(14-X)^.5 


К = exp((E/R)*(1/450-1/T)) 

Ca = Cao*(1-X)*To/T 

Cc = 2*Сао*Х*То/Т 

СЬ = Са 

Кс = 25000*exp((dHr1/R)*(1/298-1/T)) 
га = -К*(Са*Сь-Сс^2/Кс) 


Ar 


0.2498645 
0.2333455 
0.2498645 
1635.8981 
-0.0220235 


800 
720 
640 
560 
480 


400 
9 


к- 


8-97 


0.0320395 
0.2333455 
0.0320395 
187.88715 
-0.0220235 


= pV = prh => dW = 2лртћдаг 


Fal. - FA, A + 2xprh (ra) Ar = 0 


Taking the limit as Ar — 0 
Ta = (ТА) 2лргһ 
Fa = Fao (1-ХА) = А = -Fao SEA 
-2xrh 
so: Ka „ 222014) а) 
dX, ош 
oF GW Е (2) 


Assuming pressure drop is negligible. The rate equation is: 


= = И) 


The stoichiomery: 502 +102 <> 50; 


А+ІВ С 


8 = -0.5, удо = 0.11 2. = улоб = -0.055 ; Өс = 0; бр = 10 = 0.91 


Pso, = Pso 123 : Psp, = Pon та ` Ро, = Р озо) 
Then: -ra = k(t) wi һо. ЛА (3) 
Equation (3) is пие for ХА < 0.05 
for ХА > 0.05 
-тд = k(t) (4.35) (022 091-0024.) : TEA 
-ТА = k(t) (044 - E (4) 


8-98 


Energy balance: 
Fao (X6; С», +X AC») Tl. - Fao (26; Cp, + AC, X) Thear 


+ ra AWÍAHg)- (2) (А) U (т) (Т-ТА) =0 
or: Fag (Z6; С, + X ACp) Tl. - Едо (28 Cp, + AC, X) Tha. 


+ ra 2xrhp (АН) Аг - (2) (2xr Аг) U(r) (T-T4) 0 
Taking the limit as Ar — 0: 


Fao (20 C, + X AC) or = -U(r) 4xr (Т-ТА) + (-ra)(-AHg) 2лтһр 
Rearranging: 


dr Fao (28; Ср, +Х АС») (5) 
449) ra Ta) + (Cr) САНЫ) 
ог: dT. шыты ДАНИИ ee (6) 
aw Fao (28, Ср, + X АСЫ) 


Assume that: Ut) = o) (2-7 ; v= IS (Leex) T 


Therefore: U(r) = (го) cepa (1 - 0.055Х АЈУ2 


From example 8-10, we have: 


Kee |22! 11 124] (Kp in atm’? , T in °В) 


RT (7) 
k=exp 276098. 110.1 In T+912.84] (8) 


AHg(T) = -42,471 - (1.563ХТ - 1260) + (1.36 х 103) (Е-2604) 


2 л\{Т? - 12605 т Bm 
(2.459 x 10 || 3 where AHg in Ibmole (9) 


8-99 


ХӨ; Ср, = 57.23 + 0.014Т - 1.788 x 10$ T? (10) 


Since equations (1) to (10) must be solved together as two pairs of coupled differential 
equations, they must be solved on a computer, employing numerical methods such as 


Runge-Kuta. The results follow: 


0 4 8 2 16 20 24 "8H 11 5 4 44 4 $22 56 50 
Ww (їе: 


о + а: 16 20624 28 32 16 40 4 44 32 7& 6 
Y re.) 


о 4 8 12 16 © 24 28 12 16 40 44 48 32 5 60 


Y сыз] 
371 


Р8-30 (d) 


8-100 


C, = C, = Cao - = 


Т, 
Co =2СХ 2. 


dr О(к)алт(т,-т)+(-)(Ань) 
dr Fao (Cat Coy) 
21 т 


y 
Now put these equations into Polymath to generate the plots. 


See Polymath program P8-30-d.pol. 


POLYMA TH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


r 0.5 0.5 771000 1000 

x 0 0 1 1 

т 350 350 493.0235 373 

Та 373 373 373 373 

dHrx -2.0E+04 -2.0Е+04 -2.0Е+04 -2.0Е%04 
Fao 1200 1200 1200 1200 

Cpa 25 25 25 25 

Cpb 15 15 15 15 

h 0.5 0.5 0.5 0.5 

го 0.5 0.5 0.5 0.5 

To 350 350 350 350 

E 7.0Е-04 7.0Е+04 7.0Е-04 7.0Е+04 

R 8.314 8.314 8.314 8.314 

Cao 0.1 0.1 0.1 0.1 

U 33.3 0.769425 33.3 0.769425 
k 30.955933 30.955933 3.398Е+04 136.44189 
Са 0.1 -2.608Е-10 0.1 -3.125E-17 
ra -3.0955933 -3.0955933 2:09Е-06 4.264Е-15 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(X)/d(r) = -2*3.1416*h*ra/Fao 
121 d(T)/d(r) = (U*4*3.1415*r*(Ta-T)+(-ra)*(-dHrx))/(Fao*(Cpa+Cpb)) 


Explicit equations as entered by the user 
11 Та= 373 

21 dHrx = -20000 

[3] Fao = 1200 

41 Сра=25 

5] Cpb=15 


8-101 


[6] h=.5 

[7] ro=.5 

[8] To=350 

191 E= 70000 

[10] R=8.314 

[11] Cao=.1 

[12] U = 33.3*(го/г)^.5*(Т7/То)^.5 
1131 k = .035*ехр((Е/А)*(1/273-1/Т)) 
[14] Са-Сао%1-Х)(1-Х)“То/Т) 
[15] ra=-k*Ca 


2 


P8-31 (а) 
Mole balances: 


Е, = .025 
11Е. = .025 
F,=.023 БЕ, =.023 


From this we can use two of ће mole balances to solve for T 


8-102 


Fro Ва Е, — Е. 
АЕ. АЕ 
1 _ 01 
Ae et T Ae ELIT 


T =269°F 


P8-31 (b) 
Knowing the temperature we can then solve for the Volume: 
2 Ем 1, 


= 09-119 
ВЕРЬ H 


Р8-31 (с) 
We then need the energy balance: 


UA, ~T) - FAC, (T – Ty) + (Ан, (ба) + AH, (r,,)] =0 
Solve for A and we get: 


А = 399 ft 


P8-31 (d) 

In order to get multiple steady-states, the kappa, tau and feed temperature had to 

be changed. x= 0.1, t = 0.0005 and T, would be changed around. 

This first graph is G(T), R(T) vs T at T, = 2000 °F 

20000 - 
15000 T 
10000 t 
5000 7 
о -- 


-5000 1 
-10000 ` 


As can be seen there are three steady-states. 


8-103 


ERE cramer TE 


P8-32 (a) 
Energy balance 


ат _ Ча! p (T, – т) Ru 


dW Е„(У6С, + ХАС, ) 


ат _ Ua! p,(T, — T)-- (7r, {-лн,(2,)] 


Moli balane 224, 


40 


dy _-aT, 
Pressure drop: dW Зу 2у т4%Х) 


Rate law: -rn =k 


Stoichiometry: C, = C 
id «( — 


А Ef 1 1 1 1 
Evaluating the eters; k= =,|--- — |= бр = 
НА ic 55 г) exp| 3776.7 450 z) 


Plugging these equations into POLYMATH we get the following plots. 
See Polymath program P8-32-a.pol. 


OLYMATH Results 
Calculated values of the DEQ variables 


8-104 


Variable initial value minimal value 


maximal value 


М 0 0 50 

y i 0.6823861 1 

T 450 310.69106 450 

X 0 0 0.175758 
U 5 5 5 

a 0.007 0.007 0.007 

To 450 450 450 

Ta 300 300 300 
dHrx -2.0Е-04 -2.0Е-04 -2.0Е%04 
Fao 5 5 5 

Cpa 40 40 40 

k 1 0.0232094 1 

Cao 0.25 0.25 0.25 

Ca 0.25 0.0825702 0.25 

ra -0.25 -0.25 -0.0019164 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 


[1] Ф(у)/а(М/) = -a/(2*y)*(To/T)*(14+X) 


[21 d(T)/d(W) = (U*(Ta-T)-ra*dHrx)/Fao/Cpa 


(31 d(X)/d(W) = -ra/Fao 


Explicit equations as entered by the user 
[1] U=5 
[2] a=.007 

ІЗІ To=450 

[4] Та-300 

(51 dHrx = -20000 

[6] Fao=5 

[7] Cpa=40 

[8] k= exp(3776.76*(1/450-1/T)) 

[9] Сао = 25 

[10] Са = Cao*((1-X)/(1+X))*(T/450)*y 

[11] ra=-k*Ca 


P8-32 (b) 


From the Polymath summary table, it is apparent that the maximum value for —rA occurs at the 


beginning of the reactor. 


P8-32 (c) 


8-105 


final value 


50 

0.6823861 

310.69106 

0.175758 

5 

0.007 

450 

300 
-2.0Е-04 

5 

40 

0.0232094 

0.25 

0.0825702 
-0.0019164 


The maximum value for the temperature also occurs at the beginning of the reactor. 


P8-32 (d) 
Doubling the heat-transfer coefficient causes a decrease in the temperature, the conversion, and the 
pressure drop. Halving the heat transfer coefficient casuses all three to increase. 


P8-33 
Mole balances 
ү = Yo(Cao - C4) y _ Уо(Сво - Св) 
‚ TA ті 
у-УСр у-УоСу 
Ip 1) 
Rate laws: 


-Їд = КСА + к-Ср Ip = k,Ca 


—Ig = k,C At k2Cg Ty = К>Св 
Energy balance: 
~Fao[Cpa (T-Tao)+C, (Т- 9) + У (га ДАНЫ (Те) + АСр(Т – Ta) + (1 (АН и; (Та) + АС (Т-Ћ)) 


Evaluating the parameters: 
T=400K 


к, = 1000exp{- 200°) “673 k= 2000exp{ -3%00) -111 


АС, =50-20-30=0 АС рә -40-30-20--10 


3 
Vo = = = — = 6000——— = 
0 D mm Сво = Сло 
Simplifying: 
Ca 7 t*r4 * Cao Св =T * rg + Сво 
Cp гт“ р Cu =t* ry 
у= 171000 
20190* C, +6660* Ср 
We сап plug those into POLYMATH and find the exit concentrations of 1) 
and D and find the volume of the CSTR. 


See Polymath program Р8-33.роі. 


POLYMATH Results 
NLES Solution 


8-106 


Variable Value £(x) Ini Guess 


Ca 0.0016782 -1.472Е-16 0.0017 
Cb 0.0016782 -1.472E-16 0.0017 
cd 0.0071436 -1.154E-16 0.0072 
Cu 0.0011782 -2.017Е-17 0.0012 
V 3794.94 1.018E-09 3794 
Cao 0.01 

Cbo 0.01 

vo 6000 

ki 6.73 

k2 1.11 

tau 0.63249 

rd 0.0112944 

ru 0.0018628 

ra -0.0131572 

rb -0.0131572 


NLES Report (safenewt) 


Nonlinear equations 

11 ҚСа) = tau*ra+Cao-Ca = 0 

21 f(Cb) = tau*rb+Cbo-Cb = 0 

3] (Cd) = Cd-tau*rd = 0 

4] f(Cu) = Cu-tau*ru = 0 

5] КМ) = 171000/(20190*Ca--6660*Cb)-V = 0 


Explicit equations 
1] Cao=.01 

2] Cboz.01 

3] мо = 6000 

(41 k126.73 

[5] k2=1.11 

[6] tau = V/vo 

[7] г = К1*Са 

[8] ти = К2*СЬ 

[ 

[ 


9] га = -К1*Са-к2*СЬ 
10] rb=ra 


P8-33 (b) 
У = 3794 dm? 


P8-33 (с) Individualized solution 


8-107 


Solutions for Chapter 9 — Unsteady State Nonisothermal 
Reactor Design 


P9-1 Individualized solution 


P9-2 (a) Example 9-1 


The new TO of 20 °F (497 °R) gives a new AHg, and T. With T=497+89.8X the polymath program of example 9-1 gives 
t= 8920 s for 90 % conversion. 


Р9-2 (b) Example 9-2 
To show that no explosion occurred without cooling failure. 
Isothermal operation throughout (T = 175°C) 


Maximum cooling rate: 


О, = UA|448 — 298] = 142 * 150 
=21300 BTU/min 


Maximum 0, at = 0 (maximum concentration and reaction rate) 


О, = ы ж 146 Ри АН а) 


ne 
= 0.0001 сын 33 pa те 
‚5.119 


=15914.2 BTU/min 


For all t: 
О, < О. No explosion 


To show that no explosion occurs with cooling shut down for 10 mi. after 12 hrs. 


Isothermal operation for 12 hrs (at T = 175°C) 
мг эг 2 
EN, 9,-2) aa- 
Ту 
tM ы 1276 
8,(1- x) 
3.64 -- 2x = 1.276 * 3.64(1— x) 
х = 0.38 


Q, att 12 hrs. 


0, = зы ЖК? ы (-АН,) 


шинэ 38)6,-2: * 38) 
5119. 


= 0.0001167 2.34 + 10° 


= 77844 BTUAnin. 
Adiabatic operation for 10 шіп. UA=0 
After 10 minutes 


x = 0.385, T = 184°C 
Q, = 10000 BTU/min. 

When we restart the cooling flow rate 
Ола = 21,300 BTU/min. 


Temperature “с Tips to 175°С 


P9-2 (c) Example 9-3 


Decreasing the electric heating rate (Tedot in polymath program from example 9-3) by a factor of 10 gives a conversion 
of 9.72 % at the onset temperature. For a decrease by a factor 10 the conversion is 2.49 %. The higher conversion of a 
lower heating rate is logical since the time it takes to reach the onset temperature is longer and the reactants have a 
longer time to react. 


Р9-2 (4) Ехатріе 9-4 
Decreasing the coolant rate to 10 kg/s gives a weak cooling effect and the maximum temperature in the reactor becomes 
315 К. An increase of the coolant rate to 1000 kg/s gives a Tmax of 312 К. A big change to the coolant rate has, in this 


case, only a small effect on the temperature, and because the temperature does not change significantly the conversion 
will be kept about the same. 


Р9-2 (е) Example 9-5 

Using the same code as seen in Example 9-4, we were able to change the various 
parameters. The two graphs we have show T, = 70 and 120°C, T; = 160 and 
40°С, and С, = -l and .2. Each set of parameters had a Temperature time 
trajectory and a temperature-concentration phase plane. These are the four graphs. 


сЕ 

i Startup of а CSTR To=70, Тї-160, Cai-.1 
H ши! 
| 


165.006 
KEY: T 


= Т 135.0004- 
B 


Бэ 


3.906 5.400 1.400 22800 2,200 4. 0d 


592 
1 \ Startup of a CSTR Tos70, Тї-160, Са1=,1 
So 04 
i 
KEY: 5.392 L 


soa gaen | 
L 


0.000 MN — | 
25.000 105.090 125.000 18.000 195.000 223.06 
T 
BI. UU we р” T 
| Startup of a CSTR Tos120, Ti=40, Са:=.2 
+ М, 
ыы. Жш кришна a аса ак: mE == 
i] 
уньасо-р 
KEY: L 
— T чаво | 
50.300 - 
20.00 esee e prre d aee em ——— EP 
9.900 16602 2.400 3.20 “ааа 


9-3 


t6 


zart 


— 


те a CSTR То=120 T1240 Саі =. 2 


E dia af 


. 
ын 


3500 


N, 


ын 


S 


х. 
D 


b 


————————— — rN 


орна — 
0.9080 бй. DOG 1530. OUO. 190.600 ува, с 22096 


Р9-2 (f) Example 9-6 
Using the code from Example 9-5, we could produce the following graphs either by changing To and finding the steady 
state conversion or changing the coolant flow rate and finding the steady state conversion and temperature. These are the 


graphs of those: 


conversion 


Conversion vs To 


68 70 72 74 76 78 80 82 
To 


9-4 


NEM 


р X vs coolant flow 


Conversion 


rrr errr ann ee A" 


2000 4000 6000 
Coolant flow, mol/h 


T vs. coolant flow 
1 80 osm teary атар NAO emma S 
160 - 
и. 140 
@ 120. 
5 
= 100 - 
5 80. ——— i a бы 
E 
5 60 
FP 40 - 
20 - 
0 ee eS 
0 2000 4000 6000 
Coolant flow mol/h 
Р9-2 (2) Example 9-7 


The temperature trajectory changes significantly. Instead of a maximum in temperature, there is now а minimum. 


The concentration profiles also change. Св no longer goes through a maximum and Сс does not rise above 0. It also 
appears that there is no maximum for C4. 


It appears that because the reactor is kept much cooler with the increase heat transfer and lower coolant temperature the 
second reaction does not occur. 


P9-2 (h) Example RE9-1 

Using the code from Example КЕ9-1 , we can determine the value of К. for which 
the reactor will fall io the lower steady-state and when it becomes unstable. The 
following two graphs show those points when k, = .2 and 24 respectively. The 
third graph shows what happens when T, = 65. И becomes unstable at a much 
lower temperature. 
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+ A Integral Control кс=24 
i i 
НЕ | | 
KEY: b. ba 
| Й ГАХ 
— YT 090.560 | 13 
| i i En 


1 32-000 | 
114 
! ] 
128.200 X Бей) Sere ———— пита 
2.008. а. вод 1.500. 200 3.208 4,200 
1 
219. HO mm 


Integral Control То=65, kcz] 


| | 
| / 
90,900 -- |. 
| —— — M 
«о.е le — —Á— рен — 
2.000 £r. SOC 1,600 2.300 3.200 + CKI 


P9-2 (i) Example RE9-2 


Using the code from Example RE9-2 , we can change the values of k, and t, and 
find values that produce the lowest oscillations and the quickest return to steady- 


state and getting К, = 150 and t, =.1. The following graph shows the result. 


ioca 1 PI Controller кс=150 taus.1 


122 00-4. “ 
1. 


13%. 269 - 
RAT UN 4 


ses T asso 


a 


i 
af 
Н 

coc 


22.50 
a. 


— (QN ———— em ne 
2892 1.800 2,300 2.200 Mis 


А 


Find tirne to explosion 
For the unsteady-state, we assume the following: 


(i) The inlet is closed, but the outlet is not closed 


Gi) Operation is adiabatic, and PV terms are negligible so that H = U 
Equation 8-61 reduces to: 


(Hg) (raV) = NaCp, dT 


| (-AHg) (ЕМА је МАС, qr 


ЧТ. = АНиха үсү) 
dt Ср, 


k = .53 exp (44499 (55 : 1} 60 min. 


See Polymath program P9-3.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 2.9 2.9 
T 970 970 1.119Е-23 1.119Е+23 
ан -336 -336 -336 -336 
Сра 0.38 0.38 0.38 0.38 
k 0.53 0.53 4.438Е+19 4.438Е+19 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(T)/d(t) = -dH*k/Cpa 


Explicit equations as entered by the user 
{1] dH=-336 
[2] Cpa=.38 
[3] k= .53*ехр(44498*(1/970-1/Т)) 


Р9-4 
Mole balance: 
dN 
Ғы ы E + Vr, = Зар 
dN 
Кыз Е. + Уг, = 8. 
во 7 ^g Tg di 
dN. 
E. E. + Vr. mE. 
со fc қ di 


Sipe ene CE ИНЕМЕН 


There is no A leaving the reactor so F, = 0. There is no B or C entering the reactor 
so Бр, and Ес, = 0. The amount of B and С leaving is equal to the reaction rate 50 


Е, = Vr, and Ес = Yr, Simplifying: 


dt 


Rate law: 
гу ше-ЕС, 


* Stoichiometry: 


Simplifying: 
rV = КМ, 


Energy balance: 


pA 


dt М А Ca 


ат УАН Бас (1-1) 


Evaluate the parameters: 


леан 
ТЭ = Ss 200) 


E = 3467 

23467 / 1 3 
с = 19 Бае EE 
: БЕЛЕС T | 


| 


AH(400) = -84// то! = AH(800) = AH(1200) = AH(T) 


Assume a heat capacity for A of 20 J/molK and assume Шеге is no A already in the 
reactor. We can plug these equations into POL'Y MATH and get this answer. 


See Polymath program P9-4 pol 


POLYMATH Results 
No Title 08-11-2005, Кеу5 1.233 


Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value 


t 0 0 

Na 1.0E-09 1.0E-09 
T 400 400 

Fao 100 100 

анг -8000 ~8000 
Cpa 20 20 


100 
326.10947 
801.376 
100 

-8000 
20 


9-8 


final value 
100 
312.51175 
800 

100 
-8000 

20 


To 400 400 400 400 
k 0.19 0.19 0.3202745 0.319988 
Vra -1.9E-10 -101.76832 -1.9E-10 -100 


ODE Report (STIFF) 


Differential equations as entered by the user 
(11 d(Nayd(t) = Fao+Vra 
121 d(T)/d(t) = ((Vra*dHr)-Fao*Cpa*(T-To))/(Na*Cpa) 


Explicit equations as entered by the user 
[1] Fao = 100 
[2] Янг = -8000 
[3] Cpa=20 
[4] То- 400 
[5] k=.19*exp(3467/8.314*(1/400-1/T)) 
[6] Vra=-k*Na 


№, = 326.125 


When the flow is turned off, F,, = 0 and we get this graph of T and N,. 


2000 1.0e-9 
1600 8.0е-10 
1200 6.0е-10 
800 4.0е-10 
400 2.0е-10 
0 0.0e0 | DER 
9 2 4.6 8 10 
Р9-5 (а) 
Mole balance : 
T = raV поры ЕВЕ 
dt dt dt 
Rate law : -rà = k(T).Ca.Cb 
ыы | Ма Nb м 
Stoichiometry : Са === СЫш--- Се = === 
У У У 


IF (t<50) THEN (У = Мо + 94) ELSE (V=V,+50) where Мо = 50 dm’, v=] 
dm/min 


Combining : 


K(T) = ko.exp| - ~ 


а Nb 


€ a 


5-4 


V V 


ko = 0.01 dm)/mol.min , 
То = 300 К 


Energy balance : 


dT _ Q- Ws Y Fio. Cpi.(T ~ По) + (~AHrx(T))-(-ra.V) 


dt 


where О = Ws=0 
AFirx(T) = AHrx(Tref) + ACp(T-Tref) 


Aus Хэн 
а а 


Ум. Срі 


AHrx(273) = [C41)-(-20)-C15)].10? 


АНтх(Т) = -6000 cal/mol 
XFio.Cpi.(T-Tio) = Fbo.(15).(T-323) 


ENi.Cpi = МаСра + Nb.Cpb + Nc.Cpc 
= 15Na + 15МЬ + 30Nc 


See Polymath program P9-5-a.pol 


POLYMATH Results 
08-11-2005, Rev5.1.233 


Calculated values of the DEQ variables 


Variable 


where Е = 10000 cal/mol 


„Срђ – Cpa = 30--15-15=0 


= -6000 cal/mol 


initial value minimal value maximal value 


final value 


t 

Na 
Nb 
Мс 


vo 
V 
ra 


0 
500 


0.0089352 
1 

50 

0 
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0 
0.1396707 


0.0089352 

0 

50 
-0.3365379 


120 

500 
42.43357 
499.86033 
510.44411 
0.9997207 
10 

500 

10 
10.085112 
1 

100 

0 
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120 
0.1396707 
0.1397745 
499.86033 
510.44411 
0.9997207 
0 


10 

10.085112 

0 

100 
-1.969Е-05 


R = 1.987 


cal/mol.K , 


mM 


Differential equations as entered by the user 
111 d(Na)/d(t) = ra*V 
21 d(Nb)/d(t) = ra*V+Fbo 
131 d(Nc)/d(t) = -ra*V 
4] d(T)/d(t) = ((6000*(-ra*V))-(Fbo*15*(T-323)))/(15*Na+15*Nb+30*Nc) 
[5] d(X)/d(t) = -ra*V/Nao 


Explicit equations as entered by the user 

[1] Ебо = if(t<50)then(10)else(0) 

[2] Nao = 500 

[3] Сбо-10 

[4] К = .01*ехр((10000/1 .987)*(1/300-1/Т)) 
[5] мо =Fbo/Cbo 

[6] V = if(t<50)then(50+(vo"t))else(100) 

7] та = -K'Na*Nb/(V^2) 


—— 1.0 — 


а 24 48 72 96 120 


P9-5 (b) 


This is the same as part (a) except the energy balance. 
Energy balance : 


оса огт Г 


where О = UA(Ta - T) UA = 100, Та = 323 
See Polymath program P9-5-b.pol 


) 200 
144 180 0 


P9-5 (с) 


This is the same as part (0) except the reaction is now reversible. 


Rate law : 


Combining : ү 


KUT) = ko.exp 


R\To 


See Polymath program P9-5-c.pol 


0.9 500 
— 
0.7 440 
0.5 380 
0.4 | X 320 
0.2 260 
00 i. 2800 
P9-6 (a) 
dNa 
Mol balance : —— ОМ 
dt 
Rate law : -ra-k.Ca 
dNa : 
— = —kNa 
dt 
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-ra = ki(T).Ca.Cb - k2(T).Cc 


! N 
га = a (55. B exc (7 | 


72 t 108 144 180 


ES ы 5) where E = 16000, В = 1.987 , 


Ко = 10, To = 300 


But Сам = Ма 


Na 


ies “а lcm es 
Ха Na 2 Мао 7 

Ма = Nao.e * where Мао = 0.5 х 50 = 25 
Energy balance : 


dT _ Q-Ws- У Fio.Cpi(T – Tio) + (~AHray(-raV) 0 
dt У Ni.Cpi Б 
Q=Ws=0 constant T 

XFi.Cpi(T - Tio) = (-AHrx)-ra.V) 


Fco.Cpc.(T - Тю) = (-AHrx)(k.Na) 


= CAHrx)(k.Nao.e %) 


Feo 2 CAET) (kNao.e"") 


Cpc.(T - Tio) 


_ 25000 x 0.00012 x 25 x exp(-0.00012 х2 x 3600) 
7 05.(100 ~ 80) 


= 3.16 10/5 


P9-6 (b) 
Ay = 1000Btu ЛЬ 


Nao = 25 Ib/mol 
Vo = 300 f? of which 250 87 is solvent 
dT 
—— = 0) 
dt 
Fs. A, = = (-AHrx)(-ra. V) 
(= AHrx). (kNao. дік ) 


> 1000 
Fs 0.0316 Ib/s 


Fs 


P9-7 
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_ 25000х 0.00012 x 25 x exp(--0.00012 x 2 x 3600) 


Batch problem 


Mol balance : ee = ғау Сад— = -та 
| dt dt 

Rate law :' -ra = k 1, Ca СЪ? - k2.Cc 
Stoichiometry : Са = Cao(1-X) = 0.1(1-X) 


Cb = Сао(1.25-Х) = 0.1(1.25-X) 


Cc = Сао(0-Х)-01Х 


Ef 10 
КЩТ) = 22 zl зал B 


ko = 0.002 /s , To = 373 К 


ША d b 
KUT) = ko. zi HE ЕЈ) where Е = 150000 J/mol., R = 8.314 I/mol.K, 


To. 
ko = 0.00003 /s, To = 373 K 


Energy balance : 
dT (-АН”«Т)).-ға.У) 
dt У Ni.Cpi 
where XNi.Cpi = Nao(X6iCpi + ACpX) 
Т ©. b n Р 
АСр = ~, Cpe =. Cpb – Cpa = 40-25-25--10 
а а 
V Ср! = 149 Cpa poe Cpb ce Cpe 
Cao Cae 
2254915412540 = 56.25 
AHrx(T) = AHrx(Tref) + ACp(T-Tref) 
= - 40000 - 107-298) 
Уш ee 
Cao 
Nao 
p (40000 %1047-298), -ra але 
subs пене SO ЭРЭЭН байымды шыныны ВЕ _ Cao} 
dt 7 Мао(56.25 ~ 102) 
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where Е = 100000 J/mol., В = 8.314 J/molK , 


cancelling — =~ =— ast. 


See Polymath program P9-7 pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


t 
X 
T 
k1 
Ca 
Cb 
k2 
Ce 
ra 


0 

0 0 

373 373 

0.002 0.002 

0.1 0.0749517 
0.125 0.0999517 
3.0Е-05 3.0Е-05 

0 0 
-2.236Е-04 -0.1344598 
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Differential equations as entered by the user 


[1] 


d(X)/d(t) = -ra/.1 


maximal value 


10 
0.2504829 
562.91803 
106.13627 
0.1 

0.125 
366.75159 
0.0250483 
8.644Е-06 


[2] d(T)/d(t) = ((40000+(10*(T-298)))*(-ra)*(1/.1))/(56.25-(10*X)) 


Expl 
[1] 
[2] 
(3] 
[4] 
[5] 
[6] 


icit equations as entered by the user 


k1 = .002*exp((100000/8.314)*(1/373-1/T)) 


Ca = .1*(1-Х) 
Cb = .1*(1.25-X) 


k2 = .00003*exp((150000/8.314)*(1/373-1/T)) 


Cc = .1*Х 
га = -((K1*(Ca^.5)*(Cb^.5))-(K2*Cc)) 


t 
Cc ki 
Check answer: ——— E+ 
4Ca4Cb k2 


0.02504 


гэ =. шоо = 0.289 
4/0.07495 x -/0.09995 3.67 ` 


final value 


10 
0.2504829 
562.91802 
106.13612 
0.0749517 
0.0999517 
366.75083 
0.0250483 
1.3E-07 


P9-8 (a) 


Use Polymath to solve the differential equations developed from the unsteady state heat and mass balances. 


See Polymath program P9-8-a.pol 
POLYMATH Results 
No Title 08-11-2005, Rev5.1.233 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 300 

Сс 0.1 0.1 205.63558 
Cs 300 43.080524 300 

T 278 278 333.55016 
Iprime 0.0866522 6.499E-04 0.3593146 
Km 5 5 5 

muimax 0.5 0.5 0.5 

Yes 0.8 0.8 0.8 

mu 0.0426159 2.912Е-04 0.1725264 
Q 0 0 0 

Cps 74 74 74 

Hrxn -2.0E+04 -2.0Е-04 -2.0Е+04 
V 25 25 25 

rho 1000 1000 1000 

rg 0.0042616 0.0042616 24.727101 
Срс 74 74 74 

rs -0.005327 -30.908876 -0.005327 


ODE Report (STIFF) 


Differential equations as entered by the user 
11 d(Coyd(t) = rg 

21 d(Cs)/d(t) = -rg/Ycs 

31 d(T)/d(t) = (Q+(-Hrxn)*(rg))/(rho*Cps) 


Explicit equations as entered by the user 

[1] рите = (0.0038*T*exp(21.6-6700/T))/(1+exp(153-48000/T)) 
21 Кт-5.0 

3} тштах = 0.5 

1 Yes = 0.8 

] mu = mutmax’‘lprime*(Cs/(Km+Cs)) 
j Q=0 

1 Cps = 74 

1 Hrxn = -20000 

9] V=25 

10] то = 1000 

11] rg=mu*Cc 

12] Срс-74 

1131 rs=-rg/Ycs 


final value 


205.63558 
43.080524 
333.55016 
6.499Е-04 


1000 

0.0598648 

74 
-0.074831 


340 


326 


312 | 


298 


60 120 180 240 300 0 60 129 t 180 240 300 


0.241 


0.16) 


0.00 ———— ————- 


Ü 60 120 t 180 240 300 


P9-8 (b) 

When we change the initial temperature we find that the outlet concentration of species C has a maximum at То = 300 
64 
48 


32 


16 


280 290 300 4, 310 320 330 


P9-8 (c) 

Cc can be maximized with respect to То (inlet temp), T, (coolant/heating temperature), and heat exchanger area. 
Therefore, if we are to find the optimal heat exchanger area the inlet temperature and coolant/heating temperature needs 
to be specified. If we take То = 310 and T, = 290 we find that the optimal heat exchanger area is an infinite amount of 
area. As A increases Cc increase without a maximum in 24 hours. Cc = 118. 


Р9-9 
First order liquid phase, CSTR 


First solve the steady state problem for the heat exchange area A for normal operation 
T = 358 К. 


о C 2 2) C 
Mol balance : (Cao~ Ca) Pee аса _ ф. ж Св уе асв _ 0 
T dt 1 dt 


C БЕ 


uw e 2 
8.12, RTI 8314(323) 8314(13) 


94852 = ток 


TS : 
РЕН : EE [min for T= 358 К 


К = Llexp ен 
(83144313. T 


Steady state solution : 


0, ER ее S oe = 500dm [miu 
Cao | 90*2 


| To LAPSI ce 0.4 / min 
300 


у 
Cao = 2 М = 2*90 = 180 g/dm? 
Ca x Cao ТАЛ = 180 + 0.4 ra 


Cg = ra t= ОЯТА 


Ca = 180- 107.4 (0.4) СА 
Ca: | MM z4dg/dm 


1+ (0.4*107.4) 


te => 107.4 * 4.1 = 440 g/min.dm" 
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Energy balance : 


Cg = - ( - 440) 0.4 = 175.9 g/dm? 


— BH — € may тоа 


ат  Q-Ws-5,Fio.Cpi(T ~ Tio) + (-AHrxK-ra.V) _ 
dt У Ni.Cpi 


Q = UA(Ta - T) = (120*60)A(273 - T) Y/min 
Fao Cpa(T - Tao) = 90000*2*(T-313) І/шіп 


~-180000.(358 -- 313) + (250)(440x200) 
7200(213 — 358) 


Аз = 22.7m? 


Use the unsteady state equations to determine what heat exchange area A will give a 


runaway reaction. 


where У №. Cpi = Ср psa У = 2 x 900 x 200 = 360000 J/K 
See Polymath program P9-9.pol 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 
Ca 180 
Cb 0 

T 313 
tau 0.4 
A 22.696 
k 1.1 
V 200 
ra -198 
Na 0.9 
Nb 0 
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0 10 10 
4.1007565 180 4.1007565 
0 175.89924 175.89924 
313 357.97719 357.97719 
0.4 0.4 0.4 
22.696 22.696 22.696 
Tel 107.23721 107.23721 
200 200 200 
-439.75367 -198 -439.75367 
0.0205038 0.9 0.0205038 
0 0.8794962 0.8794962 


Differential equations as entered by the user 
[1] d(Ca)/d(t) = ((180-Ca)/tau)+ra 
[2] d(Cbyd(t) = -ra-(Cb/tau) 
[3] d(Tyd(t) = ((7200*A*(273-T))-(90000*2*(T-313))+((-250)*ra*V))/(2*900*200) 


Explicit equations as entered by the user 


[1] tau=.4 

[2] A=22.696 

[3] k=1.1*exp(11409*(1/313-1/T)) 
[41 У-200 

[5] ra=-k*Ca 

[6] Na=Ca/V 

[7] Nb=Cb/V 
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310 
0 


2 4 6 8 10 


A sensitivity analysis for different values of A show that a new steady state is reached 
at every new A but at an increasingly higher T. The required A depends on the 
definition of reactor runaway. 


P9-10 (a) 


X =>, Ө,Ср,[(Т -7, (- AH,.)] (1) 


Х=1 > T=T; gives 


1- Y e,cp tr, -7,)/(-AH,, Дә 


“Foc, Ср, 
P9-10 (b) 
С,-С,4-Х) (2) 


Х- > ОС, (т -To )/(— Au...) 


Insert (1) in (2) 


Ө,Ср, 
C, - C4, - C, 249 P (p) Q) 


For X= 1, Те= T expression (1) becomes 


AAR, | 


АН p Ө,Ср, (T – Т, T, -T, = 


(4) 


Insert the inverse of (4) in (3) 


9-20 


——— 


с с TB) Ембу п) сат-т) o [TT 
C, = Ср Си тт.) Т,-Т, = Са 


C, = C4,(05 - X) (5) 


Remember that Cpo is not constant here. Similar to C4, use equations (1) and (4) 


T, =h 
For developing -гд use 
C,=C el (6) 
= “ао | у 
1 1,-1 
O,-T,-T *(1, -9, T, 
Сс, в Жу = г В Ч 0) 
Е 10 
- =. С“. СЁ (8) 
Insert (7) and (8) in (9) 


a 8 
Т,-Т O,-T, -T *(T, -O, T, 
pe rs = k у ЕЕ - | Я БЕ B т а) — 
f 707. 770 
сл) су @,т,-т+%-ө,” _ | 
-T, 24 A0 Tp | 
r,-T,J^^ 


P9-10 (c) 


The unsteady energy balance for a batch reactor is showed in equation 9-11. 


dT _ Q+W, + САН»). (Ст) 
dt У МСр, 


Adiabatic operation (O =0), neglecting У, and assuming ACp=0 gives the following using the expression for —r4: 
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di. АСАН ys n 
а Ус : He 

(-АН,) ‚Ж wn -ту (e, T, -Т-(Т,-Ө, Ty] 
УӨ,Ср, С, Т, m Р 


Балы! | тј 4,1, -rtn -е, n] 


P9-10 (d) 


Put a = 1, В = 1, Өв = 3 in the equation from part (c) 


a г. Cte Ve Co о 


Y8,.G, IT, -7,)" 


esl 5 m “Ї са aer m 


P9-10 (e) 


Use the reaction constant expression from the great Swedish chemist Arrhenius and develop expression from 9- 10d. 


d г. Soe jo estin mre -т+(т-3.1,) > 


2,9,Ор, |т,-т,) 
ат 
— PN —— тты сине Т ca ee 
(7,-1)-(3-7,-T+(%-3-%)) (r,- тў ^ ШЕ ae 
ат 

wilde ce occ 7 али | 283 
" Ее . ur ТЕТ ЕТ 
P9-10 (f) 


First use a plot of T vs. t to get То (329 К) and Т; (439 К). Checking the concentration of species B gives 9523. Make а 
table showing t, T, d T/dt, left hand side of equation P9-10.7 and 1/T. Plot left hand side of equation P9-10.7 vs. ИТ in 
Polymath and use linear regression to get E from the slope and k, from the intercept. 

Regression equation as shown in Polymath: 


у = а0+а1-Т inverse = –8944.2 · Т | inverse * 17.534 


Activation energy and Arrhenius constant from slope and intercept: 


slope = 0 = Е =-8944.2-8.314 =-74.36 kJ/mol 
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а@=17534=һ| ©. |e ey Les jo = 12100 p -129840" 
12100 6.7 


(non qm 


neglect 


P9-10 (g) 


Follow the procedure from example 9-3 gives heat of reaction. 


X=1 and T=T; gives 


-AH, = У ВС (Г-1,)-(с, +Ө,:С, М, -Т,) 


= [о +3.75.4- d јео —329К) = –45.75КЈ / mol 
mol - К 
P9-11 (a) 
Mol balance : шэг = raV ee = -raV 
at dt 
dNb 
p = 2.ra.V + Fbo Бо = Сол, = 4.0, 
dNc . 
син Ета У Уш Улым 
dt 
Rate law : -raz k.Ca.Cb? 
k(T) = 0.0005exp Е. -2) 
19874300 ТЈ 
Stoichiometry : Ca= 23 СЬ = uss Се = a 
V V У 
Energy balance : 
dT А e % Ws — bs Fio. Cpi.(T — Tio) + (- AHrx(T)).(—ra.V) 
di У Ni.Cpi | 


where О = ЏАТа - Т) = 250.(390 - T) 


Ws =0 AHrx(T) = -55000 
2.Fio.Cpi = Fbo.Cpb = Cha. u,.Cpb. = 4*v,*20 = 800, 
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У Ср = NaCpa + Nb Cpb + Ne.Cpe = 35Na + 20Nb + 75Nc 


di 35. Na +20. Nb + 75. Nc 
See Polymath program P9-11-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 1000 1000 

Na 50 0.3324469 50 0.3324469 
Nb 0 0 5900.6649 5900.6649 
Nc 0 0 49.667553 49.667553 
X 0 0 0.9933511 0.9933511 
T 300 283.60209 300 298.76383 
vb 1.5 1.5 125 1.5 

k 5.0Е-04 2.3E-04 5.0Е-04 4.73Е-04 

У 10 10 1510 1510 

Fbo 6 6 6 6 

Ca 5 2.202E-04 5 2.202E-04 
Ch 0 0 3.9077251 3.9077251 
Сс 0 0 0.0718765 0.0328924 
ra 0 -0.0028611 0 -1.59Е-06 
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Differential equations as entered by the user 
[1] d(Nayd(t) = ra*V 
[2] d(Nb)/d(t) = 2*ra*V+Fbo 
[3] d(Nc)yd(t) = -ra*V 
(41 d(X)/d(t) = -ra*V/50 
[5] d(Tyd(t) = ((250*(290-T))-(80*vb*(T-325))+(-55000*(-ra*V)))/(35*Na+20*Nb+75*Ne) 

Explicit equations as entered by the user 
[1] vb=1.5 | 
[2] К= .0005*ехр((8000/1.987)*(1/300-1/Т)) 2 
[3] V=10+(vb*t) | 
[4] Fbo = 4*vb 
[5] Ca = Na/V 
[6] Cb = Nb/V 
[7] Cc = №№ 
[8] ra = -k*Ca'Cb^2 


5 300 


280 


~ 600 $00 1000 0 200 400 . 600 800 1000 


0 200 400 t { 
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ЖИЛЕ дара КЕНИНЕН a aan 


0 200 400 600 5800 1000 


Table t. erating wrt ug for X=0.8 and T<403K. and daily Nc ~ 120 mol 
w (Т Саб) |: (X«08 | № (X-08 | Daily Ne 
dm /min | . Ме(24%60л4:30) 


A flowrate of 1.5 mol B/min would produce 120 mol C/ day , with X = 80 % and 
T<130°C at all times. 


P9-11 (b) 
If the max. coolant rate falls to 200 mol/min, then it may not be prudent to assume that 
the coolant leaves at the entering ambient temperature, Ta. It should be assumed that 
the coolant temperature varies spatially along the heat exchanger pipes and the 
required term for the heat exchange would be : 


О = m; Сре (Tal ~ Ta2) where Tal = ambient T coolant entering 
Ta2 = ambient T coolant leaving 


Та2-1-(Т- терең - ША. 


теСреой 


The reduced flowrate and hence heat exchange, may increase the reactor temperature 
to approaching 130°C, the upper limit, at conversions approaching 80 %, and so more 
caution is required. The incorporation of temperature control would be prudent. 


P9-12 
CSTR startup 


Need steady-state values at To = 75°F 
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dNa 
Mol balance : 2 = .Ғао--Ға--ға.У 


dCa (Сао- Са)-9 
а eg mm + та 
dt V 


ась (Сьо- Cb)w 
—— € — + га 
dt V 


dCe (Ссо — Сс) _ 


at V 
4Си _ (Cho — Сш) 
dt V 
iow Л Cao = £22. 0.18157 Ib шой 12 
1% 1% 


Cho = ЕРО 2.2696 Ib moy fé 
th 


Cca = 0 


Сио = хас = 0.22696 Ib mol/ ft? 


Doc Fao a Fbo + Био 450. ша 4 100 4406 fe / hr 
t= шо  pbo puo 0932 345 154 


Rate law : -ra=kCa (Cb in excess) 
К = 16.96e12.exp| - 21 
d 987(7 + 460) 


Energy balance : 


at _ ae Ws - > Fio. C Du - - Tio) + (- -АНғх)-ға. 22) 


dt У Ni. Cpi 
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аа мады ыны 


Ws = 0 
О = шоСрсо- (Та! - Ta2) = 1000 x 18 x (60 - Ta2) 
> Fio.Cpi.(T - Tio) = [Fao.Cpa + Fbo.Cpb + Емо.Срм 1.(T - 75) 
АНгх = -36000 Btu/lb mol 
УМі.Срі = Na.Cpa + Nb.Cpb + Nc.Cpc + Мм.Срм 
= 53Са.У + 18Cb.V + 46Cc.V + 19.5См.У 
Ta2 = T — (T - Tal). өң > 


UA 

тсСрсоо } 
1 

= T-(T- Е e 


Ta2 s T-O.41111(T - 60) 


Arte en EA Lima очен ны 
көне — 


а” 735Са уа тозы У 


Initial conditions : To = 75, Т = 138.5 °F, Ca = 0.03780, Cb = 3.3062 , 
Сс = 0.0144 , См = 0.2269 Ib mol / fê 


if To drops from 75 to 70 °F 


P9-12 (a) 
P-control only : manipulated variable = m. 


controlled variable = T 


| = Vh 
me = Meo + ke.(T - Tsp) where со = 100016 mo 
ў Tsp = 138.5 °F 
ke = 10 
See Polymath program P9-12-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
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Ca 0.03789 0.03789 0.0584442 
Cb 2.12 2.12 2.1423214 
Ce 0.143 0.1227539 0.143 

Cm 0.2265 0.2265 0.226519 
T 138.53 125.70694 138.53 

I 0 -39.636625 0 

Fad 80 80 80 

TO 70 70 70 

V 66.809193 66.809193 66.809193 
Tsp 138.5 138.5 138.5 

UA 1.6E+04 1.6Е+04 1.6Е+04 
Та1 60 60 60 

ke 10 10 10 

k 24.990212 13.770535 24.990212 
Fb0 1000 1000 1000 

Ет0 100 100 100 

mco 1000 1000 1000 

ra -0.9468791 -0.9468791 -0.7913918 
NCp 3372.5882 3372.5882 3385.3399 
ThetaCp 284.375 284.375 284.375 
мо 441.46403 441.46403 441.46403 
Са0 0.1812152 0.1812152 0.1812152 
сро 2.2651902 2.2651902 2.2651902 
Сто 0.226519 0.226519 0.226519 
tau 0.1513355 0.1513355 0.1513355 
X 0.7909116 0.6775218 0.7909116 
mc 1000.3 872.17351 1000.3 
Ta2 106.23674 102.00022 106.23674 
Q 8.325Е+05 6.594Е+05 8.325Е+05 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 
[2] 


т 


111 
21 
31 
141 
51 
(61 
[7] 
81 
91 
10 


кон 
{л > ш МЮ 
кыз 


H = > 


BO BO NO ES кҥн 
Ne OW OAH 


d(Ca)/d(t) = 1/tau*(Ca0-Ca)+ra 

d(Cb)/d(t) = 1Aau*(Cb0-Cb)+ra 

d(Cc)/d(t) = 1/tau*(0-Cc)-ra 

d(Cm)/d(t) = 1/tau*(Cm0-Cm) 

d(T)/d(t) = (-Q-FaO0*ThetaCp*(T-TO)-(-36000)*ra*V)/NCp 
ай)/ай) = T-Tsp 


xplicit equations as entered by the user 


Ға0 = 80 
TO = 70 
V = (1/7.484)*500 
Tsp = 138.5 
UA = 16000 
Tal = 60 
ke = 10 
К = 16.96e12*exp(-32400/1.987/(T+460)) 
FbO = 1000 
Ето = 100 
mcO = 1000 
га = -К*Са 
NCp = Са*\/*35+СЬ*\/*18+Сс*\/*46+Ст*\/*19.5 
ThetaCp = 35+Fb0/Fa0*18+Fm0/Fa0*19.5 
vO = Fa0/0.923+Fb0/3.45+Fm0/1.54 
Сао = Fa0/vo 
СОО = FbO/vO 
Сто = FmO/vO 
tau = V/vO 
X = (Сао-Саусао 
mc = mcO-rkc*(T-Tsp) 
таг = T-(T-Ta1)*exp(-UA/(18*mc)) 
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0.053671 
2.1376461 
0.1275442 
0.226519 
128.49299 
-39.636625 
80 
70 
66.809193 
138.5 
1.6Е+04 
60 
10 
15.702753 
1000 
100 
1000 
-0.8427832 
3383.2355 
284.375 
441.46403 
0.1812152 
2.2651902 
0.226519 
0.1513355 
0.703827 
899.92991 
102.98479 
6.963Е-05 


[23] О =тс*18*(Та2-Та1) 


140 


136 


132 


128 


124 


P9-12 (b) 
I-control only : manipulated variable = m. 


controlled variable = T 


k 
nodus v where по 1000 Ib mol/h 
ke = 10, ty = 1 


= =(Т- Тәр) Tsp = 138.5 °F 


See Polymath program P9-12-b.pol 
140 
134 
128 
122} 
116 


110 700 


P9-12 (c) 
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Pl-control only : 


ke 
Me == Meo + ke(T — Tsp) + 27 


8 1 Tsp) 
ж” P 


manipulated variable = m, 


controlled variable = T 


ke = 10, т sl 


See Polymath program P9-12-c.pol 


140 
136 | 
132 
128 


124 


P9-13 


Mol balance : 


ІС "bo ~ C 
а = oe) + га Cho = Сао 
dt 1 
aCe (0-Ce 
Bee яд (0- Cc) ~- FEL Tc 50 5 
dt 1 
Rate law : -та = k.Ca.Cb 
ЕСГ) = 0.01exp 1000 “55 А =) 
| 19871300 7 


dCa (Сао - Ca) 
— mM + ra 
dt 


Tsp = 1385 "P 


where m,,= 1000 lb mol/h 


Cao=0.1 kmol/m? 


Cao =0.1 mol/dm? 
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Energy b al ап се M stem names s RE UE 


V-u,.t-2x502100 dn? 


Fao = Cao. Wy = 0.1 x 2=0.2 mol/s = Њо (equimolar feed) 
XFio.Cpi(T - Tio) 22x 02x (15XT - 300) = 6(T - 300) 


AHrx(T) = AHrx(To) + ACp.(T - To) but ACp « 0 
= - 41000 - (- 20000) - (- 15000) 
= - 6000 cal/mol 


АТ _ 6(Т-300)+ (6000). (Cra. V) 


dt 15.Ca.v415.Cb.V -30.Cc. V 
No control: See Polymath program P9-13-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 400 400 

Ca 0.001 1.027Е-04 0.0732572 1.027Е-04 
Cb 0.001 1.027Е-04 0.0732572 1.027Е-04 
Cc 0 0 0.099864 0.099864 
T 300 300 2.574Е+05 2.574E+05 
V 100 100 100 100 

k 0.01 0.01 1.893E+05 1.893Е+05 
га -1.0E-08 -0.0088037 -1.0Е-08 -0.001998 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 

1] «Сауа() = ((.1-Ca)/50)+ra 

[2] d(Cb)/d(t) = ((.1-Cb)/50)+ra 

31 4(Ссу40) = (-Сс/50)-га 

4] d(T)/d(t) = ((6*(T-300))+(6000*(-ra*V)))/(15*Ca*V+15*Cb*V+30*Cc*V) 


Explicit equations as entered by the user 

[1] V=100 

2] k=.01*exp((10000/1.987)*(1/300-1/T)) 
3] ra=-k*Ca*Cb 
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300000 
240000 | 
0.06 180000 
9.04 120000 | 


0.02 60000 


шаг 80 _ 160, 249 59 4e — " à 8) 160, 240 320 400 


The results without control, indicate a runaway reaction, as T continues to increase 
after the concentrations have approached their steady-state values 


Control aspects : assume that the operating T should not exceed 550K, the 
boiling point of the liquid. 


Without given data for heat exchange 


Try manipulated variable = Tio (inlet feed T) 
controlled variable = T 


P-control : Tio = IF (T«550)THEN (300) ELSE (Tioo + kc.(T - Tsp) 
where Tsp = 550 К, Tioo = 300 К, kc = -10 


=> Tio manipulation not feasible for T control for 
any kc (requires Tio ~ - 2000 К) 


See Polymath program P9-13-b.pol |- 
800 ғ - 


700 
600 
500) 


400 


0 50 160. 240 320 400 


Try manipulated variable — v, (inlet volumetric flowrate) 
controlled variable = T 
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еее тн 


P-control : Do = IF (T<550) THEN (2) ELSE (Woo + kc.(T - Tsp)) 


where Tsp = 550 К, vo =2 dm’, kc = 10 
See Polymath program P9-13-c.pol 
600 


340 
480 
420 


366 


P9-14 (a) 
CSTR startup 


Initial conditions : Тог 75, T = 138.5 °F, Ca = 0.03780, Cb 2 2.12, 
Cc = 0.0144 , См = 0.2269 Ib mol / fe 


Е Т drops from 138.5 to 133.5 °F 
As in P9-12g except : 


аса Ёао— Са. 


— ШШ ———- + ға 
y 


- Fao | 1000 100 


Do = = —— 4 на 
0.932 345 1.54 
АТ _ 18000(60 - (T - O41111(T-- 60) - (35Fa0 +19950). (T ~ 75) (36000) - ra. V) 
dt 35Ca. V + 18Cb. У + 46Cc.V +19.5Си V 
I-control only : manipulated variable = Fao 
controlled variable = T 


Fao = Faoo gi where Faoo = 80 lb mol/h, 
1 


say kc =-0.2 , 452 0.1 
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dt 


See Polymath program Р9-14-а pol 


di 
— = (Т — Tsp) 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable 


NCp 
Fad 
ThetaCp 


0.03789 
2.12 
0.143 
0.2265 
138.53 

0 

80 

70 
66.809193 


0.2 
24.990212 
1000 

100 

1000 


-0.9468791 


3372.5882 
80 

284 375 
441.46403 
2.2651902 
0.226519 
0.1513355 
0.1812152 
1000 
106.24535 
8.324E+05 
0.7909116 


ОПЕ Report (STIFF) 


Differential equations as entered by the user 
(11 «ҚСауай) = i/tau*(Ca0-Ca)+ra 
[2] d(Cb)/d(t) = t/tau*(Cb0-Cb)+ra 


Tsp = 138.5 °F 


-27.922973 
2.12 
-1.7469378 
0.2265 
17.999228 
-307.34656 
80 

70 
66.809193 
138 5 


0.0260082 
1000 

100 

1000 
-0.9468791 
3372.5882 
-534.4229 
-3993.8255 
-224.21625 
-183.76896 
-18 376896 
-12 277456 
-118 36922 
938.55771 
34.305432 
-4.341Е-05 
-65.857622 


initial value minimal value maximal value 


eee --11-21---1211202 


0.0898852 
95.168593 
0.143 
9.3421656 
138.53 


24.990212 
1000 

100 

1000 
0.723285 
5.574Е%04 
80 
9.686E+04 
441 46403 
364.28299 
36.428299 
24.337453 
61.10206 
1000 
106.24535 
8.324Е+05 
12.667586 


final value 


4 

-27 922973 
95.168593 
~1.7469378 
9.3421656 
17.999228 
-307.34656 
80 

70 
66.809193 
138.5 

1 6Еғ04 
60 

0.2 
0.0260082 
1000 

100 

1000 
0.723285 
5.574Е+04 
-534.4229 
-2.3299873 
-224 21625 
-4.45998 
-0.445998 
-0.2979677 
2 3835154 
938.55771 
34.305432 
-4.341Е%05 
12.667586 


[3] d(Cc)/d(t) = 1/tau*(0-Cc)-ra 

(41 d(Cm)/d(t) = 1Aau*(Cm0-Cm) 

[5] d(Tyd(t) = (-Q-Fa0*ThetaCp*(T-T0)+(-36000)*ra*V)/NCp 
(61 айуай) = T-Tsp 


150 
Explicit equations as entered by the user 

[1] Рабо = 80 1H 
{2] Т0-70 
131 V= (1/7 484)*500 138 
[4] Tsp = 138.5 
[5] UA = 16000 
[6] Та1 = 60 132 
[7] Кс-.2 
[8] k= 16 96e12*exp(-32400/1.987/(T+460)) 126 
[9] Еро = 1000 


126 
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| 
| 
| 
Н 
| 
| 
| 
| 
| 
| 
| 
| 


(101 
[11] 
[12] 
[13] 
[14 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 


-- 


Р9-14 (b) 


Ето = 100 

mco = 1000 

га = -К*Са 

М Ср = Ca*V*354Cb*V*184Cc*V*46:Cm*V*19.5 
Fao = Еабо-+(кс/.1)*1 

ThetaCp = 35+Fb0/Fa0*18+Fm0/Fa0*19.5 
мо = Еа0/0.923-Ер0/3.45-Ет0/1.54 

СОО = FbO/vO 

Сто = FmO/vO 

tau = V/vO 

Сао = Баомо 

mc = mc0+kc"l 

таг = T-(T-Ta1)*exp(-UA/(18*mc)) 

О = тс*18*(Та2-Та1) 

X = (Ca0-Ca)/Ca0 


Та = 55?F 


I-control only : manipulated variable = T, 


150 


144 


138 


controlled variable = T 


| k 
То = Тоо» + 2-7 where Тоо = 75 °F , 


й 
say kc = -0.2, = 0.1 
dl 
puis (T — Tsp) Tsp = 138.5 °F 
See Polymath program P9-14-b.pol 
85 ээр. 
82 
10 

79 
76 Нь и 
73 


2.4 32 4.0 


Р9-14 (с) No solution will be given 


P9-15 
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NH4NO; us > №0 + 2 H;O E 


ammonium nitrate nitrous oxide steam 
A B C 
Feed ‚шо = mao + mco = 0.83 mo + 0.17 mo (mco = 17% liquid water in feed) 
dM 
Mol balance : TA = тао--(О+та. У Ма = Ib A, mao = Ib/h A 
Ї 
Mb 
~ ы = 0-mb-~--ra.V 
dt 
leaving : mb = mao. (өн? frome x} = mao, ф = 0, b/a = 1 


(X = 1, 1e. all of A entering reacts, but there is some initially inside) 


dMc 
22 = mco = me = 2. та. У 
dt 


: Сг 
leaving: тс = mao. b X | = mco + 2тао ; OS, c/a = 2 
а 
assuming all water entering with the ammonium nitrate leaves as steam. 


Rate law : -та.У =k.Ca.V=k.Ma 


ЕЗ E E 
Ln m is 
k2) ЕТ? RTI 


4%) 


| 0.53 } 


RT2 RT 1987(560--460) 1.987(5104-460) 
= 88500 Btu ЛЬ mol 


шы 88500 1 1 | 
k = 0.53. expl — Кл да алымы шы 
1987 X 510+ 460 ES 460. 


Energy balance ; 


аг 0 Ws - Y, mio. Cpi(T — Tio) - mco. (Hi - Hio) * (-AHrxY ra. V) 
m анны = У Mi. Cpi 
where Ws =0 
Q=UA(Ta - T) 
9-36 


Xmio.Cpi.(T - Tio) = mao.Cpa.(T - Tio) 
= 0.83 x 310 x 0.38 x (T - 200) 


mco.(Hi - Hio) = mco.[H, (T) - Hi (Tio)] 
= 0.17 x 310 x [(1202 + 0.47(T - 500)) - 168] 


assumes all liquid water in feed leaves as steam. 


H, (T) = Н, (Tref) + Cpc.(T - Tref) = 1202 + 0.47.(T - 500) 
Н; (200) = 168 Вы ЛЬ 
XMi.Cpi = 0.38 Ма + Cpb.Mb + 0.47 Mc 
| From ChemCAD III physical properties systems: 
Е | | 1 220 
"pb (N20, 516°Р) = 1065 J/kg.K.! —--— Bru |.| 0.454 — || = 
Cpb (N20, 516°F) = 1065 J/kg.K ЁС ви | | 5 ee 
= 0.44 Ву N-20. К 
P9-15 (a) 
att=0 Ca=500 lb, T=516°F 


dT _ 10000.(515 — T) - 97.77(Т ~ 200) ~ 52-7((1202 + 0.47(T - 500)) ~ 168] + 336.(-ra У) 


dt 038Ma 4-044. Mb + 0.47Mc 
See Polymath program P9-15-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 10 10 

Ma 500 399.06704 500 399,06704 
Mb 0 0 100.93296 100.93296 
Mc 0 0 201.86591 201.86591 
T 516 514.15817 517.83877 514.15817 
mco 52.7 52.7 52.7 52.7 

mao 257.3 257.3 257.3 257.3 

k 0.7028594 0.6447579 0.7677849 0.6447579 
rav -351.4297 -366.56963 -257.30162 -257.30162 
то 257.3 257.3 257.3 257.3 

тс 567.3 567.3 567.3 567.3 


ODE Report (ККЕ45) 


Differential equations as entered by the user 

[1] d(Mayd(t) = 310*.83+raV 

[2] d(Mb)/d(t) = -mb-raV 

[3] d(Mc)/d(t) = mco-mc-2*raV 

[4] d(T)/d(t) = ((10000*(515-T))-(99.77*(T-200))-(52.7*(1202+(.47*(T-500)))-168)+(336*(-raV)))/(.38*Ma+.44- 
Mb+.47*Mc) 


Explicit equations as entered by the user 
[1] mco = 810*.17 
[2] mao = 310*.83 
[3] К =.53*exp(44540*(1/970-1/(T+460))) 
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(41 raV = -К*Ма 
[5] mb = mao 
[6] тс = mco«2*mao 


500 


460 


420 


380 | 


340 


300 


P9-15 (ђ) 
UA = 10000 Btu Л.В? 


P-control only : manipulated variable = Ta 
controlled variable = T - 


Та = Tao + kc.(T - Tsp) 


where Tsp = 516 °F, Кс = -5, Тао = 975 °В = 515 °F 
See Polymath program P9.-15-b pol 


500 
460 
420 
380 
340 


300 


9-38 


UA = 10000 Btu /h.f? 


PI-control : manipulated variable = Ta 
controlled variable = T 


Ta = Tao-t ke (T = Tap) 5.1 
Ч 


al 
уннун 1 юм Ї 
к? =( 5р) 


where Tsp = 516 °F, Кс = -5, tj = 1, Тао = 975 °R = 515 °F 


See Polymath program P9-15-c.pol 


516.20 


516.12 
516.04 


515.96 


Р9-15 (4) 
UA = 10000 Btu /h.f 


500 


460 


Pl-control loop 1: ^ manipulated variable = Ta 
controlled variable = T 


Та = Тао + kcl.(T ~ Tsp) |n 
1 


ап = (Т ~ Tsp) 
at 


where Tsp = 516 °F, kel =-5, 51 = 1, Тао = 975 °R = 515 °F 


Pl-controlloop2: manipulated variable = mao 
controlled variable = M (= Ma + Mb + Mc) 
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| kc2 , 
mao = maoo + ke2. (M ~ Msp) ж----.12 
Ч 


Ж» 


22 = (М — Msp) 


= 


where Msp = 500 lb, kc2 = 25, 12 = 1, maoo = 310 Ib/h 
See Polymath program P9-15-d.pol 


316.20 
516.12 


516.04 | 


— ———— M —————M——— 


P9-16 (a) 


G(T) = -АН, УКС, 
Evaluate the parameters in those equations: 


k =2*7.08* 10" exp(—30000/1.987/ T) 
AH уху = ~30000BTU / lbmol 
p = 50Ib/ fe 
UA = 150 + 250 = 37500 
See Polymath program P9-16-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 140 140 

T 520 520 660 660 

анг -3.0Е-04 -3.0Е%04 -3.0E+04 -3.0Е+04 
У 48 48 48 48 

Сао 0.5 0.5 0.5 0.5 

vo 400 400 400 400 

UA 3.75Е+04 3.75Е+04 3.75Е+04 3.75Е+04 
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530 530 

50 50 

530 530 
3.0Е+04 3.0Е-04 
0.3478362 0.3478362 
0.12 0.12 
0.479966 0.0241085 
0.75 0.75 
2.404Е+05 2.404Е+05 
-5.25Е+05 -5.25Е+05 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 


d(T)/d(t) = 1 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 


dHr = -30000 
V = 48 
Сао = .5 
vo = 400 
UA = 250*150 
Ta = 530 
rho = 50 
To = 530 
E = 30000 
К = 2*7.08e1 1*exp(-E/1.987/T) 
tau = V/vo 
Ca = Cao/(1+tau*k) 
Ср = 75 
Gt = -dHr"V*k*Ca 
Rt = UA*(T-Ta)+rho*vo*Cp*(T-To) 


P9-16 (b) 
From part (a), we find the concentration and temperatures at the points where G(T) and R(T) intersect. 
C,20425 T=547.1°R 
C,=0319 Т= 571.3°Е 
С, = 0.068 Т = 628.6°Е 


530 


50 


530 


3. 


0Е+04 


164.49672 


0. 


0 
0. 
5 
6 


75 


.711Е+06 
.825Е+06 


530 

50 

530 
3.0Е+04 
164.49672 
.12 
.0241085 
.75 
.711Е+06 
.825Е+06 


олоо о 


7.0086 
5.40E6 
3.80Е6 
2.20Е6 
6.00Е5 


-1.00Е6 
5 


The extinction temperature is То = 506°R. At this point R(T) is tangent to G(T) at the upper steady state. 


P9-16 (c) 
Using the unsteady-state equations for a CSTR we get the following 
Mole balance: 


4C, _ vo(Cas Са) 3 AM. 
dt V 


Energy balance: 


See Polymath program P9-16-c.pol 
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ат UA, -T)- pv, C CT - hh) - AH, СУ 


POLYMATH Report | _ 
Calculated i values of DEQ variables mE 


|Variable 1 nitial value! |Minimal value 


| | Maximal value | Final valu 
| H 


|6. | 
10. 4290427 | | |o. | 
1638. 1791 |547. 0711: | 

| i 


B 7105 | 
PD жЕ 
| [= ian мин 
 |L416E«12 1.416Е+12 |1416Е+12 |1.416Е+12/ 
= Bn emm 

шэг шк ки ош 
HOA 250. 25 259. 29. 
по а со шок и 
T wm ох о ёо 
азу — Nu 4 _ 48. Нэг. 
14Е  — |3.0E«04 3.0Е+04 E Із. 0Е+04 | 
go” Ёл 27669 |1.165967 | |%. 24179 1463353 | 
1012 012 20.2 1042 | 
| за 491943 |-3.971954 -0.4433316 | |-0.6223844 
_ |-3.0Е+04 |-3.0Е+04 -З0Е+04 50 ОЕ+04 
224. 24. 24. 24. 


1 


Differential equations 
1 d(Ca)/d(t) = rA + Сао / tau - Ca / tau 
2 d(T)/d(t) = (U * A * (Ta - T) - Рао * Cpa * (T - TO) + (rA * V) * (сін) / (Мад * Cpa) 


Explicit equations 

1 Са0 = 0.5 

2 Fa0 = 200 

3. TO = 530 

Ar = 1.416 * 10^ 12 
R = 1.987 
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К = Ar * ехр(-Е / R/ T) 
| tau = V/ v0 

А = -k * Са 

elH = -30000 

› Nad = Cad * V 

Cpa = 37.5 *2 


640 
620 
600 
580 | 


560 | 


0. ; | : Р | | 
' 0.0 12 2.4 3.6 4.8 6.0 MT! 12 2.4 3.6 4.8 6.0 


When the upper steady state is used as the initial conditions, the unsteady-state mole balance shows that this steady state 
is actually unstable. The concentration increases and the temperature drops to the lower stable steady state. 


P9-16 (d) 
When To or T, is increases slightly, the upper steady state becomes stable. At these elevated inlet and coolant 
temperatures, the lower steady state is no longer stable. 


P9-16 (e) 


Starting at the lower steady state, if То is increased to 550 °R, the lower steady state is no longer stable, but the upper 
steady state is 


0.50 800 

0.40 740 

0.30 680 | 

0.20 629 

0.10 560 

00 12 24, 36 48 60 5% |. Y i 48 60 


If we plot the concentration-temperature phase-plane trajectory, we see that increasing T, will shift the trajectory to the 
left. However, the final steady state is shifted to the right. This means that from the initial conditions, at any temperature 
Сл is lower for the larger T, until the minimum іп СА is reached. 
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0.0 о 560 620 


T 


680 740 


P9-16 (f) Individualized solution 


P9-16 (g) 


1 0.0 
800 500 


560 


The following Polymath program gives the linear analysis of the problem 
А = 1.175, B = 6.03, Ј = 1600, t=.12 


See Polymath program P9-16-g.pol 


1530. 
| 1416E«12 


1. 987. 


150. 

|250. 
1400. 

1530. 
b 

__ 3.0404 

451.27669 | 


(012. 


lo 
10.0176788 - 
|-0.0225558 
(0.04847 


2 542.6046 _ 
155. 


05. 


| (530. 


" 416E+12 


| IB ОЕ+04 | | 
|1.165967 


10.12 


| i 


4. 159719 
0. 2 


(0. 4290427 | | 


1638. 1791 


| |75. 


05 


_ 1200. 


| (530. 


1 416E+12 | 


ШЕ ОЕ+04 | 


|7. 24179: 
10. 12 
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| p. 


| | 1.416E«12 | 
| 11.987 


Е 


a | 
|0.0176788 

|-0. 0001258 | 
10.4253139 | 
(5470711 | 


05 | 
1200. | 
|530. | 


ка 
, 888 0 
ро О 


(зоо | | 


|1463353 | 
10. TA | 


Sienna a ан ен пралина Н 


Differential equations 

1 d(y)/d(t) = (-J * (1 - A) *x + (B - C) * y) 
d(x)/d(t) = (-A * x - B * y / J) / tau 
d(Ca)/d(t) = rA + CaO / tau - Са / tau 


plicit equations 
Я Cpa = 37.5 * 2 
| Саб = 0.5 


‚ ТО = 530 
‚ Аг = 1.416 * 10 ^ 12 


К = Ar * exp(-E/ R/T) 
tau = V/ м0 

ГА = -k * Ca 

delH = -30000 

Ма0 = Ca0 * V 

J = -delH/Cpa / Ca0 


P9-16 (f) 


Only the lower steady state plot of x1 and у1 will be shown. 
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. [3.491943 [3.971954 |-0,4433316 |-0.6223844 | 
|30044 |-3.0E+04 —— |3.0Е+04  |-3.0Е04 | 
= ы ык же 
ы ЧИН. ЭНИН ENG UM 
ae E M. иин NINE 
_ [6.03 16.03 _ ‘16.03 160: о | 
dms — das [1175 5. 


d(T)/d(t) = (U * Area * (Ta - T) - Fa0 * Cpa * (T - TO) + (rA * V) * деін) / (Мао * Cpa) 


P9-17 


Batch reactor ~ series reaction 


Mol balance on A: = ral 


al = КІ.Са Са = Сао.ехр(-К1 1) 


~ 


Mol balance on В: “> = ybl + 752, 


thl=-ral=kl.Ca and  -rb2=k2.Cb 


dCb | TT 
“ae = H.Cao.exp( -kl.t) - K2Cb 


Mol balance on C : mi у? 


OODD/£ 1 XN 
19874300 T 


19871500 Т 


Energy balance: оо езеді сеи „== 
? dt У Ni.Cpi 
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P9-17 (a) 


UA = 0 


See Polymath program Р9-17-а.рој 


О = ЧА.(Та - Т) 


УМСр = 


ат 


dt 


POLYMATH Results 


Calculated values of the DE 


Variable 


ki 
k2 
ral 
rb2 
rbi 


0 

0.3 

0 

0 

283 

0 

10 

1.1172964 

4.081Е-09 
-0.3351889 

0 

0.3351889 


ОПЕ Report (STIFF) 


Differential equations as entered by the user 


1] UA=0 
2] V=10 


[6] rb2= 


111 d(Ca)/d(t) = rat 
[2] d(Cc)/d(t) = -rb2 
3] d(Cb)/d(t) = rb1«rb2 
Га] d(T)/d(t) = ((UA*(330-T))+(55000*(-ra1*V))+(71500*(-rb2*V)))/(200°V*(Ca+Cb+Cc)) 


Ca. V.Cpa + Cb. ¥.Cpb 4Cc.V.Cpc 


UA.(330 — T) - 35000(—ralV)- - 71500(—rD2. V) 


200. (Са- Ch+ Cc) 


dT _ У155000(- гаі.) + 71500(—rb2. р2.)] 


variables 


0 

1.34E-65 

0 
-2.02Е-44 

283 

0 

10 

1.1172964 

4.081Е-09 
-35.016552 
-27.963241 
-6.345E-60 


Explicit equations as entered by the user 


3] k1 = 3.03*exp((9900/1.987)*(1/300-1/T)) 
4] k2 = 4.58*exp((27000/1.987)*(1/500-1/T)) 
[5] гаї = -К1*Са 
-k2*Cb 
[7] rb1--ra1 


initial value minimal value maximal value 


0.2 

0.3 

0.3 
0.2895784 
915.5 

0 

10 
2.141Е+05 
1.041Е+06 
6.345E-60 
2.103E-38 
35.016552 
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200.V. Ca + СЂ+ Cc) Cc) 


final value 


0.2 

1.34E-65 

0.3 
-1.864E-65 

915.5 

0 

10 

2.141E+05 

1.041Е%06 

6.345E-60 
-3.974Е-59 
-6.345Е-60 


0.30 
0.22 
0.14 
0.06 
-0.02 


-0.10 


090 094 0.08 016 


P9-17 (b) 
UA = 10000 J/min.K 
0.30 


0.14 


0.06 


-0.02 


-0.10 


0.00 004 0.08 , 012 016 


UA = 40000 J/min.K. 


0.30 
0.22 
0.14 
0.06 
-0.02 


-0.10 


0.12 


0.00 0.16 


UA = 100000 J/min.K 


1000 


840 | 


680 


520 


360 | 


20 


0 - - 
020 0.00 0.04 


V = 10 йш” 


- 1000 


840 


680 


520 


360 


200 I 
020 0.00 0.04 0.08, 0.12 0.16 0.20 


V = 10 dm? 


900 


760 


620 


480 


340 


| 200 TRA : е 
020 0.00 0.04 012 016 020 


0.08 | 


V = 10 dm? 
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0.20 


0.00 0.04 


008. 012 0.16 


500 


t 0.20 че 0.00 0.04 0.08 ( 0.12 016 020 


At UA = 10 0000 Y/min.K the 2nd reaction for C is totally suppressed 


P9-17 (c) 


UA = 40000 I/min.K 


P9-18 


To = 320K 
900 


780 | 
660 
540 


420 


Semibatch with parallel reactions 


Mol balance : 


Rate laws : 


300 "Q0 004 008 ¿ 012 016 020 
ам 
т = Fao+(rl+r2).V а» = Еро + (rl+r2).V 
ама ü 
т ами ру 
dt dt 
-rlzkl.Ca -12 = k2.Cb 
2000 
kis 1000.exp{ 8 k1 = 2000. = =) 
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М. Nb 
Stoichiometry : Ca = 


СЬ = —— 
у V 
са = M си = P 
У У 


_ Fao _ fto 
Сао 


Сао = 5 mol/dm? 


урн еее ы Т. 
Cao Cho 
But Fao = Fbo (equimolar feed) vo = 0.45.Fao 
V = 0.45Fao.t 
ee eee ar Q-Ws- ~ $, Fio. Cpi.(T – Tio) + (АНА (Т). (ға. V) 


Ум. Срі 
where О = М5 = 0 
AHrx(T) = AHrx(Tref) + ACp(T-Tref) 


АСрі = E cd m „Срђ ~ Cpa = 50 -20—30 = 0 
a a 


АВА) => aie cal/mol A 


ip ie .Срь-Сра = 40 -20 – 30 = ~10 
а 


AHrx2(T) = - 5000 - 10.(T - 300) 
SFio.Cpi.(T-Tio) = 20.Fa0.(T-Tao) + 30.Fbo.(T-Tbo) 


YNi.Cpi = NaCpa + Nb.Cpb + Nd.Cpd + Nu.Cpu 
dT _ 20. Као(т - 


Tao) + 30. Fbo.(T ~ Tbo) + 3000. (71. V) + [5000 + 10(T ~ 300) -72. V) 
| ECT Уы 


20. Na + 30. Nb + 50. Nd + 40. Nu 


Selectivity 9 = гі 
r2 


P9-18 (a) 
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The selectivity is proportional to СА/Св and therefore a small concentration of B in the reactor is preferable. To maintain 
a low concentration of B it would be beneficial to run a semibatch reactor where B is slowly added to A. 


P9-18 (b) 
Let the rate laws be : ~ri = kl.b -12 = k2.Ca 


Now it would be best to slowly add A to B in a semibatch reactor. 


Let the rate laws be : -rlzkl.Ca.Cb -12:-k2.Ca.Cb 
“т = КЕ Са - 12 = kK2.Ca 
-rl = КЕ СЫ - 12 = k2.Cb 


For these rate law combinations а semibatch reactor will not improve selectivity. 


Let the rate laws be : -rt = kl.Ca.Cb -12zk2.Ca 
-rl = КЕ СР - 12 = k2.Ca.Cb 
Now it would be best to slowly add А to В та semibatch reactor to maintain high concentrations of B and low 
concentrations of A. 


Let the rate laws бе: - 11 = К Са - 12 = k2.Ca.Cb 
-rl = kl.Ca.Cb - r2 = k2.Cb 
Now it would be best to slowly add B to A in a semibatch reactor to maintain high concentrations of A and low 
concentrations of B. 


P9-18 (c) 
АНгх салто А 


————— —S A 


riti Ht m uere 


И AH1x2 is constant , then if АНгх1 increases, T increases and S decreases. 

It AHrx1 is constant , then if AHrx2(300K) increases, T increases and S decreases. 

S is dependent on rl and 12, which depend on КІ and k2, which depend on the 
temperature. The greater the temperature in the reactor the smaller the ratio between 
КІ and k2, hence reduced S. 


P9-19 


Plotting the data of t vs. T gives the initial and final temperature of the reaction, Ty = 52.5 °C and T; 2166.8 °С. 
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200 


160 


0 8 16 24 32 40 


i 1-К 
АН, = -18— 9 (1668-52.5К --2057,4-22- 
mol. К mol 


Make a table of t (min), T (°C), dT/dt, 1/T (КЇ), In(dT/dt) and plot In(dT/dt) vs 1/K (K) in Polymath. According to 
equation (E9.3-14) the slope of the curve is E over R. Linear regression gives: 


See Polymath program P9-19.pol 


їН 


Model: In dot 


po X 


= a0 + а1*Т inverse kelvin 


Variable Value 95% confidence, 
a0 (18.88162 2.425175 | 
at |-6224.846 880.596 | 


EL ЈЕНЕ 
R^2 |0.9755663. 


Variance 0.0413783 | 
Remember that Ts is the self-heating rate, which occurs after the onset temperature is reached. 


nT, -220228 11888 


6224 = = 
R 
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Е = 6224К -1.987 


= 


mol: K mo 


P9-20 No solution will be given 


CDP9-A 


CDP9-B 


CDP9-C 


Adiabatic, batch, reversible. 


Design equation : Мао = -era V 


dt 
| Са? 
Rate Па ra = Ку] Санс 
Ке 
Stoichiometry : CA = Сло (1-Х), Cg = - 2.CAo.X 
| af 4Сло (1— Xy. 
Combining : ed ahl C _ iod ата. 
ombining Cao Es сга X) ke 
dX 4Cao(1— Xy 
dt ZEE Ke 
ki 0217 
in сш. 
Parameter evaluation : E = TT 2 go Б 0324... == 8498J / mol 


ЕТ: RT 8314(340) 8314(300) 


`8498[ 1 1 
Ё: = 0217 Ане датаны трдің 
| Е: У) 


Ke(T) AHrx | i 1 | 
Liem —l-— шшш 
Ke(300) R i300 T 


ACp = 2 Cpg - Cpa = 20 - 12 = 8 Јлпо К. 


AHrx = AHrx (300) + ACp(T - 300) = - 75000 + 8 (T - 300) 
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Nao = 0.6667 * 900 * 254 = 272127 mal A 


Мо = 0.3333 * 900 *454 = 136 064 mol 1 


Cao = Nao / V = 272127 / (50 *28.12) = 192 mol / dm? 


Cps = X6; Ср; = O,Cpa + Өв Срв + Ср 


= (1)(12) + 0 + (136064 /272027)*(15) = 19.5 J/mol 


[- AHrx(300).X | (- 75000). X 
En bal : Т = To re ша ХХ) Дө MM 
IIS ннн oN eho ОЕ 


=> POLYMATH 
Equations: 
4(х1ї/4(014к17"((1-х)-(4"сас"(х72)/Ке)) 
То=300 
свол192 
Те«То»(75000"х/(19.34-(8“х))) 
kis. 217 “exp 1022" (1/340-1/T)) 
Dhrxs-75000«(8*0T-3001) 
€es70000*exp(DBRzx/8.314*[12/300-1/T])] 


ста = J, Ср а 2 
9-8 

Variable initial value Maximum value Minimum value 
с à 2 9 

х 9 0,0449573 9 

То 300 300 300 

сао 192 192 192 

T | 300 459.781 ion 

xi 0.145345 0.49785 0.145345 
Ой -75900 -73641.8 ~75000 

ке 70099 70000 1.62532 

E ot 3-3 
Stale: 013 77 
жо. err карачык айлын АУ CP er eee ы арам 


с.сас 3.435 2.865 (22 1.500 2.020 
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Inicial value 


0 


Final value 
2 

0,0449373 
100 

132 

453,781 
0.49785 
-13641.8 
1.82532 


MM tN OLA 
KEY. { 
set { 


Equilibrium conversion , Xe = 4.5 % 
90% of Xe = 0.9 * 4.5 = 4.05 % conversion 


Time for this conversion = 0.11 min = 6.65 


Check : 

4.Сло?Х* 
at equilibrium : Сой- Xe) = 

Ke 
(4. Co? ). Xe! + (Ke. Cao). Xe — Ke.Cao = 0 
; 5 | ~ Ке Cao | Ke! Слог — 16.Ke.Cao® 
using the solution to a quadratic: Хеш----- & C. = 
AO" 


where at T=Te=470K, — Ке = 1.625 mol / dm? 


= 0.625 "192 + 416358 1929-1165 16" 09271 
8 * (192) 


From POLYMATH , Хе = 0.045 


CDP9-D 
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tM 


CSTR startup 


Part (a) CSTR startup, gas phase, isobaric - no pressure drop 


Mol balance : —— = (Еао ~ Fa) ra.V 


эг =(0– Fb) -2.ra.V 


Е Fb 
Ca=— Cha vrz Va + vb 
Ur Dr 


Р Р 
Br = Сто = г Ето = Столло = у Uro 
T T. VT R.T TO TO. TO R.To 


Ет Т 
Urc рот г" 
Ето То 


Е; = Ра + Fb Ето = Fao + Еро 
М = ул тш 500 5 


Leta. о 


dt У м.Срі 


UA 
21 5J / kgcat.s.K but kg catalyst = 50 kg 


UA -5x50-2501/s.K 
ACp =0 


dT 250(Та--Т) - 40 Fao.(T — Tio) + 20000. —ra.V) 


di 40.Ca.V -20 Cb. V 
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No control : Та = 300 К, Tio = 450 К, Fao = 5 шо 


Equations: Initial value 
difa)/dic)zi£ao-fa)-(ra"V] 18-28 
dt25) /dit)si-£al-[2*ra*V) a 


ait) гае) st {2507 (тат) fe (40" Бао" (Т-ТЬо} } + (20000* (тату) ) / tt 450 
407Са%У) +(20°Ch*v) ) 


caus 500 

тац=500 

Х=ехр 1 (31400/8.314} *{ (4/450) - (3/7) 1} 
caoz0.28 
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Ariabia 


Part (b) 


Mol balance : 


nitial]l value 


H 


*52.806-1- 
1 


+5:.200--- 


} een 


= ме 


442, аст >“ 


ч 


#48, ыг 


Maximum value Minimum value Final value 


3d ü 
0.0106221 1е-08 
299.098 0 
451.548 445.534 
5 5 

300 300 

450 450 
299.107 1е-08 
450 454 

500 500 

500 500 
1.0292 9.921054 
9.25 9.25 

5 5 

20 20 
1200.55 48-08 
0.251187 8.07756е-06 
0.250078 о 

600273 26-05 


-8.31339е-06 -0.25 


Sr oplem Э8-11808) 


39 

0.00969749 

299.098 

451.548 

5 

300 

450 

299.107 

459 

500 

500 

1.0292 

0.25 

5 

29 

1200.55 
8.07755e-06 
0.243135 
800273 
-8.31339=-06 


cd 


2.200 6.000 12.000 19.000 24000. зао 
t 
аса _ (Сао - Са) Зей Cao=0.1 kmolim? =0.1 mol/dm? 
at T 
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Р9-10 сорға 
ась _ (Cha~ СЬ) 


oman + га Cbo = Сао 
а 1 
асс _(0-Сс) |, т= 505 
а 1 
Rate law : - та = К.Са.СЪ 
10000/ 1 1 
КТ) = 0.01ехр | --- --— 
(2 EE 2) 
— Ws Fio. Cpi(T ~ Tio) + (~AHrx\(~ra. 
Energy balance: 51.0-9%- 2, Fio. CPT – По) + С АНој-та.У) 
dt У Ni. Cpi 


У = .1=2 х 50 = 100 dm’ 

Fao = Сао. Up = 0.1 x 2 = 0.2 mol/s = Fbo (equimolar feed) 
XFio.Cpi(T - Tio) = 2 x 02 х (15XT - 300) = 6(T - 300) 
AHrx(T) = АНгх(То) + ACp.(T - To) but ACp = 0 


= - 41000 - (- 20000) - (- 15000) 
= - 6000 cal/mol 


——————————— 


Equations: initial value 
d(ca) /dit)s((0.1-ca] /50) «ra 0.001 
dicb)/ditizi(0.1-cbl/50)«ra 0.001 

dice} /d(tist(0-cci/50)-ra 0 


A(T) /4(5) 4((6“(Т-300))-156000"(-га“уу))/((15“са"У)-(15“сы5 300 
Vy+(30*ec*V) ) 


varpo 

kz0.01*exp((10000/1.987)*((1/300) -(L/T))) 

rac-k"ca"cb 

5500 tg = 400 

Variable Initial value Maximum value Minimum value Pinal value 
t 9 490 0 400 

са 0.001 0.0732515 0.00010274 9.00010274 
cb 9.001 0.0732615 0.00010274 9.00010274 
ec 0 0.099864 9 0.033854 

T 300 257380 300 257380 

у 100 100 100 100 

k 9.01 189280 0.01 189280 

га -1e-08 -le-08 -0.0110871 -0.00199796 
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5 ——————— НИ 


Scaler 


2.200 
107% 


Әғәсіса D9-i08:23» 


1 


TEE 
c. 


2.100 


9.900 


[e] 
5 
[e] 
эдэн ааа 
“эм, 


bmi 
220.000 400.06 


— 
2.000 


$3 
m 
4 
€ 


$ 
$ 
B 
42 
1 


E 
t 


282 


о 


2 
із 

» 
із 


14 
Lu 
м 
(2) 


3.205 
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Solutions for Chapter 10 — Catalysis and Catalytic Reactors 


P10-1 Individualized solution 


P10-2 (a) Example 10-1 
(1) Pentane isomerization nP —,—iP 


Assume that Pt is the catalyst used. 
Maximum f = 5 molecules/site/sec 
Minimum f = 3e-3 molecukes/site/sec 


Maximum rate: 


Ip -505| авео“ ло 
195 100 5 gcat 


= = 3 *10 3 (5 [= о = 7.69%107 mol 
195 /100 5 gcat 


1 
(2) SO, + 3 О, >50, 
No turnover frequency is given so this rate law cannot be determined by this method 


(3) H, +CH, > С.Н, Ч 
Assume Cobalt is the catalyst. | 


ZEE 1 ке 


МУ, | 100: 
Maximum: 
f = 100 molecules/site/sec 


- = (05) | 1... 9.00849 


58.9 100 E 5 gcat | 

Minumum: | 
[= 0.01 | 
-r = 901051 |45 -849*197 "OL | 
| 58.9 /100 s gcat | 


P10-2 (b) Example 10-2 | 


10-1 


(1) Cy UNO 22 
C, 1+K,P +KP, 
K, =1.39 K, =1.038 


Во = YroF toa = 0.3*40 = 12 

For 60% conversion 

P, -В.(1-Х)-12%04-4.8ат 

Р, = PX =12*0.6 =7.2 ат 

Су 1 1 


[Æ = — = = = 0.063 
C, 1+(1.038)(4.8)+(1.39)(7.2) 15.99 
6.3% of the sites are vacant 
(2) Х-0.8 
Са = CK, E K, E = Шин &h ћ —— 
С, C, 1+ КҮР, + К,Р, 
e. (1.038) (1)(1—0.8) _ 0.2076 _ 9 a9 


C, 1-(1.038)(1)(1-0.8)-(1.39)(1)(0.86) 2.3196 


9% of the sites are covered by toluene 


(3) Linearize the rate law to: 
Beh _1 Кь КЊ 
-nh k k k 


Р10-2 (с) Example 10-3 
Increasing the pressure will increase the rate law. 


Tf the flow rate is decreased the conversion will increase for two reasons: (1) smaller pressure drop 
and (2) reactants spend more time in the reactor. 


From figure E10-3.1 we see that when X = 0.6, W = 5800 kg. 


P10-2 (d) Example 10-4 
With the new data, model (a) best fits the data 


(a) 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe*Ph/(1+Kea*Pea+Ke*Pe) 


10-2 


Variable Ini guess . Value 95% confidence 


k 3 3.5798145 0.0026691 
Kea 0.1 0.1176376 0.0014744 
Ке 2 2.3630934 0.0024526 
Precision 
R^2 = 0.9969101 
R^2adj = 0,9960273 
Rmsd = 0.0259656 
Variance = 0.0096316 
(b) 
POLYMATH Results 


Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe*Ph/(1+Ke*Pe) 


Variable Ini guess Value 95% confidence 
k 3 2.9497646 0.0058793 
Ke 2 1.9118572 0.0054165 
Precision 
R^2 = 0.9735965 
R*2adj = 0.9702961 
Rmsd = 0.0759032 
Variance = 0.0720163 
(c) 
POLYMATH Results 


Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe*Ph/((1+Ke*Pe)*2) 


Variable Ini guess | Value 95% confidence 
k 3 1.9496445 0.319098 
Ke 2 0.3508639 0.0756992 
Precision 
R^2 = 0.9620735 
R^2adj = 0.9573327 
Rmsd = 0.0909706 
Variance - 0.1034455 
(d) 
POLYMATH Results 


Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe^a*Ph^b 


Variable Ini guess . Value 95% confidence 
k 3 0.7574196 0.2495415 

a 1 0.2874239 0.0955031 

b 1 1.1747643 0.2404971 
Precision 

R^2 = 0.965477 

R^2adj = 0.9556133 

Rmsd = 0.0867928 

Variance = 0.107614 


10-3 


Model (e) at first appears to work well but not as well as model (a). However, the 95% confidence 
interval is larger than the actual value, which leads to a possible negative value for K,. This is not 
possible and the model should be discarded. Model (f) is the worst model of all. In fact it should be 
thrown out as a possible model due to the negative R^2 values. 


(e) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe*Ph/((1+Ka*Pea+Ke*Pe)2) 


Variable Ini guess Value 95% confidence 
k 3 2.113121 0.2375775 
Ka 1: 0.0245 0.030918 
Ке 1 0.3713644 0.0489399 
Precision 
R^2 = 0.9787138 
R^2adj = 0.9726321 
Rmsd z 0.0681519 
Variance = 0.0663527 
(f) 
POLYMATH Results 


Nonlinear regression (L-M) 
Model: ReactionRate = k*Pe*Ph/(1+Ka*Pea) 


Variable Ini guess Value 95% confidence 

k 3 44.117481 7.1763989 

Ka 1 101.99791 16.763192 
Precision 

R^2 = -0.343853 

R^2adj = -0.5118346 

Rmsd = 0.5415086 

Variance = 3,6653942 


P10-2 (e) Example 10-5 


ПЕ 


(1-2) 5 
As t approaches infinity, X approaches 1. 


10-4 


large kk 


small kk, 


(2) Second order reaction with first order decay. 
dX QW 


ТА 


dt Nao 
-r,'2ak'C, 
a=exp|-k,t] 
dX WE 

— С (1–Х 17 
а Ne a (1- X) ехр[-ы] 
dX 2 
— -k(1- X -kt 
dt ( ) exp[ 4t 

X k 
1-Х шта! 
as t infinity ~_ = * 
ix k, 


k 
St 
ETE: 

14 ves 
(3) First order reaction with first order decay 


dX Wk' 
WM, cot X exe kal 


2 -щ1- X јехрј-К„ ] 


In (55 = ШЕ) 


t > infinity Х ага | 


d 


P10-2 (f) Example 10-6 


10-5 


Increasing the space time makes the minimum disappear. Decreasing the space time moves the 
minimum to the left and the concentration is higher. 


Increasing the temperature so that the rate constants are higher will cause the catalyst lifetime to be 
shorter. 


If tau = 0.005 the minimum Сд- 0.607 
If tau = 0.01the minimum СА= 0.5088 


P10-2 (р) Example 10-7 
(1) If the solids and reactants are fed from opposite ends, 
ый eat 
dW U; 
Ina - —-W +С, esi: 
5 Us 
a= ox) Aw 2 
5 
pe шура (-Х)а 
х кс ы, |u, [ew] 
—— = 40 ехр ае — exp па 
1-Х Fo U, Г 0, 1, 


m. = Си 1 229 ехр А 
1-х Ву U; 
This gives the same expression for conversion as in the example. 


(2) Second order decay 


X Аы | į d 
1-Х 297 О; 
0.6)(0.075): 
1.24 = (0.6)(0.075) Us In| 1+ (0.72)22000 
(0.72)(30) 


Solve for Us by trial and error or a non-linear equation solver. 
Us = 0.902 


5 


(3) Ife=2 
dX (1-х) 


Рао pum Сл u 24 


dW (1- eX y 
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2 
—Х\+є? (1+2) X АС, jz -k,W, 
22(1+=)ш(1-Х)+=?Х + = LE. exp U. 


I2in(1- х)+ах 4 4. =1.24 
]eX 


X = 0.372 


P10-2 (h) Example 10-8 
Uo = 0.025 


Uo = 0.25 


10 — 


P10-2 (i) 
Рог БА = 10 and Еа = 35, for first order decay we rearrange Eq 10-120 to: 


ee | E i I 
E, RAT T, 


10-7 


(——— 


In za 
Е, | Каја Т Т 
Е, 
T= Т, 2 400 
1+0.07948 In (am) 
1,К 1 1-0.00286/ 
1--5У-1р 
Е, 1- К.Е; 
Е, 


P10-2 (j) Individualized solution 


P10-3 Solution is in the decoding algorithm given with the modules 


P10-4 
Cus 
14349195 Tap КАЈ SY CS 
С 
Wes 
W+SerWeS зон” al суб es 


сес 
| _ _ ШУ ТВА%$ 
WeS+leSesTBAeS+5 r st. ER? | 


с. 
" Г ~ 
A*S«»TBA + S M CCo 
ТВА»5<>ТВ/ Ж Ку Cc быб, | 
E; D 2 
P10-4 (a) 
Surface Rxn Limited 
YE с =KCC с E РС ШАВЖ _. 0 
T. =O “Ба 1104 wes Куш су 2, 
r . AS d " i, 
гн -0 Cres = K ийн Ky Суу Су, since Ко = Кал 
k 
роте 4 C K.K,K. 
Rx $ о е ТВА КГ 
К Ку zl rey К, | IM 3 
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-=f = 
Powe ss 


4 КСК Ca EK ва Copa ) 


P10-4 (b) 


Adsorption of isobutene limited 


C r | ї 
: ТВА ADW D 
f =k С» Co BXM—— =0 , —1=0 
AME | l =e * (аша) (=) 


Cass = Cw Су Ку Саа Сувд Су КТВА 


Р10-4 (с) 
Eley Rideal Kinetics 


С 
эь | ._ТВА*5. 
са К | 


"е ms зоул 
Соён ОХЬ 

> Е “ 55 
Суваг Үс Кара Ства Cy 


E: 


E G 
4 C.C, : Сы. 
Э H 


> ЗИРЕ HEN лды азасы ANE 7 "T 3 * m K, К; 
i 14 К, С, + Ka Са 2 where K = А.К, oe and Ky es Ras 
P10-4 (d) 
10-9 


А 165 (ӨТВАЗ5 255, 


т=Е|С с ‚ Cga viS 
57741 “WeS2“IeS1 — К. 

ын = Cy, + Сыз 

Со = Cos + Суз? 


сақ С Са Ср Са (НК c) 


Өнө” Ky сус үз? Со 2 2 ( ин, Cw с 


C 
4G Cee 
К; 


cam cer. којој where А = ky Ky kK САС. 


P10-4 (e) Individualized solution 
P10-4 (f) Individualized solution 


P10-5 (a) 


ч =» 
H+ CH, 2 CH, 


E»S«2À4S 
ESES, pT P.C 


5 s= Са Ри] 


P10-5 (b) Individualized solution 


P10-5 (c) 

О, +25 £2 20-5 A, +25 £2 24-8 
C,H, + O-S > С,Н,ОН-8 B+ AS — CSS 
С,Н,ОН-8 £2 С,Н,ОН +5 С498-»С-8 


“Ty = т; = С 


| Сі 
ра zi 


A 
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Гар _ () 
К, 


Cys = C, 4K,P, 
=r =h =k, РС, КАР, 


Р.С 
с. = Кр & 2 1 = к | баа ~K,P.C, | 
D 
Tos 0 
kp 


Cos =КеР.С, 
Cr =Cy + Cys + Cong =С, [1+ КР, + К.Р, | 
_ E, C, PA K,P, та 


-r =r = 
* 7 14 ЮР +KP. 


P10-6 (a) 
А (butanol) 12. В (butene) + C (water 
Possible mechanism: 
БОХЛЖ о 

AtS 2: А-5 fa 2í PC, ~ ба) 

: | Ka | | 

A-S+S 2 B.S4C-S rs = ks (Cag Cs - Саз Ces / Ky) 

B-S 2 B+S тов = Ков (Св. - Рв Cs/Kpg) 
С-5 = С+5 Tpc = kpe (Ces - Pc Cs/Kpc) 


Assume surface reaction controlling: 


~ =O Cas = Pa Kaa Cs 

АА 

TERR. = 0 Са = га Es. = Pg Kag Cs 
kpg DB 

TEC = Cos = Fes. = Pc Kac Cs 
Кос Dc 


10-11 


( PPC ла 
, | (opus мА Р ac 18-02 | ge zo o 
a == ы P K „С — га ra гэн = Каса Р, – к. | where К. = K,K Ky Kos 
site balance: Cr = Cs Cas + Cis t Cog = Са (1 + Kaa РА + Кав Рв + Kac Рс) 
ou _ ES КАА СЫРА - Pn Po/Ka) 
Wy есе ee ары 


1+Pa Kaa Ра Кав + Pc Кас? 


If Рво =Oand Рсо = 0 , then 

Кү = КЗ Kaa CH 
where (Ко КАА 

lis =2 КАА | 


_ Ко Kaa CE Pao ky Pan ___ 


Б 
^) (1+ Pao КААР 1+ к Pho + КЗ Pao 


This is consistent with the observation. 


P10-6 (b) 
From the figure, 
Point number 1 2 3 4 5 6 
гло [нз 0 0279 05 97 99 05 
Pao (aum) 0 4.5 2 54 112 229 
af Ва. = 405 645 &14 1206 214 
"ГАО 
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AL large Рао: +, „Рао Кү ж В ;usi 1 6: Бі 22 = 
: а= 08 = (Bap! : Using point 6: = 229) (0.5) = 114 


Ar smali Pag: Т, ky Pag; using point 2: Ку = 0061 => Ку = 534x104 


0.061 P 
ay? NPPPEPPPP REN ; 50 Құш 0.061. - 1. 5.34х10+р А 
1 + 5.34х10%* Pag + k3 Рао EI Pao 
А0 
Using рони 3:: Кз = 7.05х10-2 => К; = 3.19x10-2 


Натан са 2 (The reason for the different 
8 point з = 3.19х10 values of Кз is from reading 
Using point 5: Ку = 1.05х10-2 ne graph) 
25.0 у = 43103 + 0.073937х A= 099583 
20.0- 
2. 15.0- 
. < 3 
~ i 0.5 
=> 10.0- Interceptzi1/K 7 = 4.31 
=.” 1 r k= 0.054 


са 
e 
X 


1 Slope = K /k? = 0.074 
P К, = 0.32 
4 A ы 
9.0 ТЫН ы Ағза кт на RIED MI A алас EM E ERE E aks аса ee 
0 30 100 р 150 200 250 


Р10-6 (с) 
Find the percent of vacant sites. 


Yevacant = саа Cs 
^ os. MEC И ae ЕН ыс Жы eta is 
Cr С$(1+ КААР + КАВРВ +КАсРе) 


P, and P, = 0 so that reduces to: 
% vacant БЭР" mE 7 — КЕК 0 сөлем ш 0 4 
Ч 1+KasPag 1+0.01596*90 - 


Find the percent of sites occupied by A and B. No B will have occupied any 
sites at X = 0. So: 


(00 КААРА 001595890 ,. 
ГЕК АР. 715001595907 

Р10-6 (d) Individualized solution 

P10-6 (e) Individualized solution 
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МЕ -+ DME+H20 


{ 


% 
300 
The га of formation of DME is greater initially. This is a result of more vacant sites being 
initially available for reaction because water is not adsorbed on the sites. As ime goes on 


the equilibrium concentration of water sites is reached. Water is strongly adsorbed on this 
caralyst. 
Probable Mechanism 
МЕ +5 72 ME-S 
2МЕ:5 -> W+S+DME+S 
Мы. zWesS 
Assume Surface Reaction Controls 
rs = ks Ches 
Cues = Kme Рм Су 


Сш = Kw Pw Су 


ЕР? 
канышы ER Ашый T where k = k, Ko (2 


Tig = ће : 
( + Ky В, + Kye Р) 


Р10-8 


Given: Kinetic rate expression for the reduction of NO over a solid catalyst: 


____КРмРе ss P= partial pressue МО 
(1+ Ki Py + Ka Реј“ Pc = partial pressure СО 


Assume that overall reaction is of the form 
NO + CO — LN; + CO2 
P10-8 (a) 
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Í€————— 


Iris seen that neither № or CO; appear in the denominator. This infers that neither is 
adsorbed on the catalyst. On the other hand, it can be infered thar both NO and CO are 
adsorbed on the surface. The squared denominator suggests a dual site surface reaction of 
the adsorbates of NO and CO. Therefore the following mechanism is proposed. 


Kan Р, = Ро 
NO(g S = No-s А = А “TaN = kan [Рм Cs - Смо5/КАМ] 
ken 
CO(g) +5 2 CO.S “ton = Ken [Pc Cs - Ccos/Kcw] 
Ks 


NO+S+CO-S — 5 №+С02+25 м = Со coss 
With the surface reaction controlling 


IAM =0 Cros = Kan Py Cs 
kan 


I з0 Coos = Ком Pc Cs 


Then Ст = Cs + Cyo.s + Cons = Cs [1 + Kan Рм + Кем Pc] 


and therefore reaction is -rs = ks Смо-5 Ссо = ks C$ PN Pc Kan Ken 


ot -ts = £9 Кам Ком Ру Рс сы wih ki = ks Ct Kan Ken 
п + Kan Рм + Кем Ре! Ki = Kan 
Ky = Ком 
Mg = е ES кі Pe Ру ИИ 
(1 * + Ki Py + Ka Po 
P10-8 (b) 


Assume that Ре >> Py. Then Pc changes very little during the course of the reaction 


and remains constant. A maximum in (4с) then occurs, for a fixed value of Py at: 
са ____кРу 


_ 281 Be Py К. 
aPc 


ИА —=0 
[1 + Kı Py + Ka Ре? [1 + Ку Py + Ко PoP 


or at Pe = К Pw. ын Py 
2 
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The rate of reaction will increase with an increase in Pe until the above value is reached, 

„ after which it will decrease. П appears that there is ап excess pressure which will minimize 
reactor volume. Operaring at excess pressure greater than this value will decrease (-rs), and 
hence increase V. This analysis is exact if the catalytic reactor is а CSTR. If the reactor is 
treated as РЕК, the critical value of Pe is only approximate, but the general observation is 
qualitatively the same. 

This analysis further assumes thar the excess CO can be eliminated easily and economically 


downstrearn from the NO converter. 


P10-8 (c) 
The conditions for which the rate law and mechanism are consistent are the 
following. The COS surface reaction must be the rate limiting. P&P, must be 
small. The mechanism must he a dual site mechanism (which it is). 


P10-9 
Methyl ethyl ketone (MEK) is an important industrial solvent that can be produced from the dehydrogenation 
of butan-2-ol (Bu) over a zinc oxide catalyst. 
Ви => MEK + H, 
Ave Bre 


The following data giving the reaction rate for MEK were obtained in a differential reactor at 490°C. 


Data Se ME ANM кашаны БОАК го ON ae 
“P, (atm) 0.1 0.5 І 2 1 
Рук (atm) 9 0 2 1 0 0 
Р, (айп) 0 0 1 1 0 10 
Нас (то x g cat) 0044 p) ОН зээ LU. 
Р10-9 (а) 


Suggest a rate law that is consistent with the experimental data 


Pueg (atm) 
P, (atm) 
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ЕВЕ TM TEETH ЕТЕНЕ ӨР ЭРЭР ЛИНН 


From data sets 1 and 5 


Py, (atm) 


Ривк (atm) 5 0 
Py, (atm) 0 0 
rusg (той x g са) | 0044 pone. 


we can see that the MEK partial pressure has little if no effect on the rate law. 


From data sets 4 and 6 


Бул (atm) 
Pygy (atm) 1 0 
Ру, (atm) 1 10 
Ға (той x g саг) 0.060 0.059 


————— чады — 


Is seems that the partial pressure of Н; has no effect on the reaction rate. 


If MEK and H; are weakly adsorbed (or not adsorbed at all) we can proposed initially the following 


Data Set ЫЗЫН ЗЕ АВЫ 


P. Tm diei НИЕ НЫ НЫ 
truex (molh x g cat) 0.044 0.040 0.069 0.060 0.043 0.059 


We can see that the reaction rate goes through a maximum 


Mun Rut бағ seg аана, j 


© 
e 
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P10-9 (b) 
Suggest a reaction mechanism and rate-limiting step consistent with the rate law. 

One possible mechanism ts the following one 
(D ASAS 
(2) A-.S eS «o B- S4 C. 
(3) 8-5 eo B«S 
(4) C-S «2 С+5 

F the limiting step is #2 (irreversible surface reaction) and the others are at Pseudo Steady State (#1, Запа 4) 


Ls Я zl Ut 
о та BRC, Cy 


A site's balance will yield 


C, = Су FC, + Cys + Ces 


Therefore, 
: : С,Р, С,Р 
С, = С, +С, Р,К\+ IU ee 
К, K, 


Solving for Cy 


C. 
M MEL өөх меч wee 1 
С, = 


1+Р.К tett С 
К, К, 
Substituting the expressions for Cy and C4 s into the equation for —r' A 
ОКР, C 


4 


n" T EM Ex C. 22 kK P, C mE ames 
Ре Ж 
! +P K + PA = с | 


3 4 


which for the case of weak adsorption of MEK and H) reduces to 


Р10-9 (с) Individualized solution 
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P10-9 (d) 
First we need to calculate the rate constants involved in the equation for -r А in 
part (a). We can rearrange the equation to give the following 


Р, 1l k 
е NINE де P, 
кк fk, АГ, 
which is a linear equation with slope equal to Е and intercept equal to ХЕ . Shown below is the linear 


1 
regression we did using the problem data 


B үс “ү nee 
| | 
| И 
6 queen Rs кре жы 
| | i 
ца! 1 
e 5 К ee NS НИ S | 
« 
^g | | | | 
S 44 хээ Pall OS = 2329898 + 13362] 1 
= R? = 0.0097 | 
e 3 ide lid E WE DUE 
2 bus ЈЕ О НИ КЕК 
1 - 
| 0 5 
| 0 05 І 15 2 2.5 
{ i 
a Py, (апт) | 


Thus from the slope and intercept data 


k, =0.56-- mol Айй. k, = 2.04 EN 
h- gcat- atm atm 


Thus, 


m ГИ rs 0. 56P, | 
5705 (1+2.04Р, Y 


The design equation for the PBR is 


Е КЕТЕРІ. on 
AQ A 
aw x 


From stoichiometry (gas phase) 


| 1 те X Т, Р 
Ca = Caj уршигт 2 
не XIT Р, 


From the reaction €= 1+ [> 1. Assuming isobaric and isothermal operation and using ideal gas law 


1-Х 
P, = Pali 


Using equations 10-8-13,10-8-14 and 10-8-16 together with Polymath we can solve for W at X = 90%, 
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See Polymath program P10-9-d.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value 


final value 


W 0 0 23 
x 0 0 0.9991499 
e 1 1 1 
Рао 10 10 10 
Ра 10 0.0042521 10 
k1 560 560 560 
k2 2.04 2.04 2.04 
Fao 600 600 600 
ra -12.228142 -68.5622 -2.3403948 
rate 12.228142 2.3403948 68.5622 
ODE Report (RKF45) 
Differential equations as entered by the user 
11 d(X)/d(W) = -ra/Fao 
Explicit equations as entered by the user 
1] е=1 
2] Pao- 10 
[3] Ра = Рао*(1-Х)/(1+е*Х) 
[4] Кі = 560 
[5] k2=2.04 
[6] Fao = 600 
7] га = -К1*Ра/((1+(к2*Ра))^2) 
8] гае = -га 
: 5 ‚mol mol 
It should be mentioned that Fag = 10-——- = 600——. 
min hr 


1.0 


0.8 


0.6 


0.4 


0.2 


af.) 


00 46 92 үү 138 184 230 


P10-9 (e) Individualized solution 
P10-9 (f) 
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23 

0.9991499 

1 

10 

0.0042521 

560 

2.04 

600 
-2.3403948 

2.3403948 


Now consider the change in pressure: 


ichi 1-Х ҮР 1-Х 
Stoichiometry : P, -C,RT-C,l-——— HRT P, =p |122 
Oi епу А “А 485 Р, => А Ax) 
Pressure : Уу. ER ( + х) 
dw 2 


Use these new equations in the Polymath program from part (d). 
See Polymath program P10-9-f.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


W 0 0 23 23 

X 0 0 0.9997919 0.9997919 
y 1 0.0746953 1 0.0746953 
e 1 1 1 1 

Pao 10 10 10 10 

Pa 10 7.771E-05 10 7.771Е-05 
k1 560 560 560 560 

k2 2.04 2.04 2.04 2.04 

Fao 600 600 600 600 

ra -12.228142 -68.584462 -0.0435044 -0.0435044 
rate 12.228142 0.0435044 68.584462 0.0435044 
аірһа 0.03 0.03 0.03 0.03 


ODE Report (RKF45) 
Differential equations as entered by the user 
[1] d(X)/d(W) = -га/Рао 
(21 d(y)/d(W) = -alpha*(1+X)/2/y 


Explicit equations as entered by the user 


1] e=1 

21 Pao=10 

3] Paz у*Рао*(1-Х)/(1+е*Х) 
[4] k1 = 560 
[5] k2 = 2.04 
161 Рао = 600 


[7] ra=-k1*Pa/((1+(k2*Pa))42) 
[8] rate = -га 
[9] alpha = .03 
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00 0 4.6 9.2 ху 13.8 18.4 23.0 0.0 4.6 9.2 Ww 13.8 18.4 23.0 


Р10-10 (а) 
Бо-өстепе + Hydrogen -> iso-octane 
А + B -> C 
Discrimination of models: 
Assume тА =k Cà Cy CE 
Forruns2and 3, 0« x «1 ; 2and4, 0<р<1; and2and5,-1«y«0. From 
Perry's handbook, Sth ed., р. 4-8; the reaction is probably surface reaction rate controlling. 
Mechanism I (Н. Alvord): 
AtS ZA+S 
B2+ 2S 23 2B-S 
А-85%28.5 С-5+28 
CS 2 С+8 
k [P4 P5 - Po/Kea] 


Hence, fy DIEA en 
[1 + KA РА + KB’ РО + Kc PoP 
Mechanism П ын E Mullick): 
А +5 ЖА. s 
B+S Z B.S 
A*S-B«S z* C. S«S 


С-$ = С+$ 


Hence, MA Gm КІРА Рв - «РОК. Ес 
1+ KAP Pat Kg Pg + Kc Pc? ш 
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| 
| 
| 
| 
| 
| 
| 
| 
| 


From runs 2, 9 11, 12, PA =P, = Pc = P, a plot of rA vs. P shows а parabollic 
behavior, therefore we will drop the second term in the denominator for easy linearization. 
The readers can calculate Кы value by Gibbs free energy change in this equation (up to 650 
K, the reverse reaction is negligible) 


The linearized regression model is: 


j 0.5 ~ Pe 

Ав)” olo „КАТА ‚Кага , КсЇс 
А ко. 95 k9-5 40-5 

Using given 12 data points to soive for these four unknowns: 


y=3.0+ 1.42 P4 + 0.97 Ра + 1.42 Pc 
The final results are: 


The comparison of the percentage error between the model and the experimental dara are: 


r РА Ра 9.5 r 
Run P4 Ра Pe (exp.) Fazal (calc.) 90 error 
1 1 1 0 0.0362 5.26 0.0345 -4.8 
2 1 1 1 0.0239 6.47 0.0227 -4.7 
3 1 3 1 0.0390 8.77 0.0410 +5.0 
4 3 1 1 0.0351 9.25 0.0334 . -4.8 
§ 1 1 3 0.0114 9.37 0.0120 +5.7 
6 Ї 10 0 0.0534 13.69 0.0505 5.4 
7 10 1 0 0.0310 17.96 0.0302 -2.6 
8 1 1 10 0.0033 10.41 0.00315 -4,5 
9 2 2 2 0.0380 10.26 0.0380 9 
10 02 02 02 0.0032 3.54 0.00288 -9.8 
11 0.1 01 0.1 0.0008 3,54 0.00089 +107 
12 5 5 5 0.0566 21.02 0.0599 12. 
lsum! = 59.2 
avg. = 4.9 
P10-10 (b) 


Discussion: The readers may check the validity of mechanism L To reduce the 
accumulation of error in calculations, the readers should have used all data points and 
solved all unknowns simultaneously. To get the maximum information of complex kinetics 
of a reaction from the least runs, it is advantageous to do planned experiments such as 


factorial design. (W. С. Hunter. and А. С. Atkinson, Chemical Engineering, p. 159, June 


6, 1966). 
A paper discussing chemical reaction rate equations from experimental data is in: 


С.Н. Ware Jr., Summer Computer Simulation Conference, Proceedings, 1975, Part 1, p. 


368. 
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P10-10 (c) 


САР 0.2223 Cao (RTP (1-XP /(1-0.5XP 
(mm 
[1 + Çan ET ((0.475 + 0.322 (1-X)} + 0. ах} 
ape 13 (RT Сао (1-XP /(1-0.5XP 
„Са RT , 7.038 зуу 
IE "Ed (0.79 383 Ху 
Pao = Cag RT = 1.5 atm 
о = 2.5 НХХ... 150 mol 
CSTR : И EAE D 150 2 9. 8 Текке 
0.1113 ( 1. ЕЯ 1- ГЕЛІ 05х08}. 


15 (09. -0.383 x 08) | 
| 1-05х04 


і 


W = 21,380 g=21.4kg 


x 
PER : м | ex. 


x 
W = 150 uec uc - 
à 0.1113 (1. (1.5041. БӘЛЕ (1-05 XP 
PO ae 7 ја 
Ї +71025700797 - 0383 X) 
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x 
= 130. | G (X) dX 
0.1113 x 2.25 ), 


| +130797 038 ХУР (1-05 XP 
where G(X)= DEC Е Ане 


G(X) = (21953-10745 х? 


x осо 

43 
0 4.82 | 
0.1 5.38 E 
0.2 6.13 5 

соф 

0.3 7.16 T 
0.4 8.66 
0.5 11.00 "^ 
0.6 15.03 9 
07 2315 2 4 92 QC 
0.8 44.62 


Using Simpson s rule, 


area under the curve = 10 


W 130... 10 = 6000 g = 6 КЕ 
0.1113 x 2.25 


P10-10 (d) 
Consider the differential section between L and 1. + dL. 


In - Out + Generation = Accumulation 


But: 4,AL)C,(L) = NU) = Fy (1 - X) 
^ Fao GE = TA pc (1-0) rA (Pj) 
Relating the expression r4 to X and L : 


FA-Fag(I-X) = ЂЕ, (1-X) 


Fy = Fao (-Х) = ГЕ, (1-X) 2 
pa 
Fe=FaoX = LE, Х "Е 2-х 


РазРаз БАБЫ; Pow АР 


LetP=P,, 
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dX _ ТА 2249) Пр LXp X. 
dt Ес ral 5 Р 2 Р P| 


From the Ergun equation, we have: 


fL S COR i5 ој 
cia 


ар _2-X/Polit) g [t II 1156) 
rod 2 а Bl 52 | Dp | 


dL- P 5 роёс Ор p | 
ж ~ L а = P, 1+ y dP L4 2-Х. ” 
Іші, с P P. then al ase Bo 


фы но] 


(150 E +112). ү GB ) 


G = Eao ma + Ево гав) _ 53.6 к) 
^ 15469 ibm. 
Т {ш 
14. 7 psi 44 №. 
P, = (3 atm) (мш ші). 63487. 
ү | апп i 142 fe 
ұл 57-42-41(3 
po = Crm e (Sb) E =. anal Бый = _ 
ик [0.7301 аша. |1200 + 273.15) (1.8)] ^R 
| тийн | 
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MÀ 


- 160-0) 1500-95 


2 5 + 1.75 с 
Ро ро £c Dp > n 


(150 022702 + 12) Е. E 


G = Eao ma + Ево пв) _ 7 gmol 1453.6 g 
AT > 
теі н? 
= 1546.9 lom. 
Т f?hr 
= 14.7 psi} [144 in? Jb 
d т esl pus “|= = 631A 
Ex 57--1-41(3 апп) 
бол Cr й = Еле £ ПВ ж Е E oss А 
шан "(изо [(200 + 273.15) (1.8 °R 
сон 


ро = 0.2750 00. 
fr’ 


u (3 ашп, 200°C} = 9.4719 x 103 cp. (Г Са, LHe 


| 
5 : 
2 f PPROP 
= 8.6211 x 103 cp (all Са) 


3 2 
{9.4719 x 103 + 8.6211 x) y. 6.7197 x 104 „Ёш. 


2 ft sec cp 
х 2000 sec. 
hr 
p = 0.02188 Ern. 
ft hr 
hr. P 
4 10 18) bc 4 
Ibr sec? 1921! Р 
m) | 
am + 1.75 (22252). 1р | 
ig hri | 
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—— Кы a 


„фу! 
ax ATCO]: (x, p) 
47 | Fao | 


[1 + (КАР, + Ка PER] + Ke (АРТ 


kmü-xy _ 


Ry rm sneer — À 
ЫГ 1l p piZ). ( X 
5 | эрч" (к, + Ros + ен 
| K(X) 
| го. ( КЕ 3)В, B(1- X) + К.Р x 
‚ АТ pp (1-4) K к à 
Lec а TUN ~ 22 3 Ky = (КА + Ks) P, М к = {Ke 5 КА - Ка) Р, 
А 


For a given T. we can solve the two ODE's to get X(L'). We need to guess T until X = 0.8. 


For the rate constants, we use the solution of 6.10 (a) 


K = 0.1118 —— 091, К, =0.475 am! ; Ка= 0.322аші 


gcar” he + ann” 


Ke = 0.414 апп! 


K2 =(0 414 - 0.475 - 0.332)3 = -1.149 
T (35 &} (3 14/4) (0. т 62 (2.6 2. 
їг E 5 жау (oin) 
min 1 ihr 


x{O.1] 3. AOL, ды | (3 апар oe sm) 


gcat hr arn” 
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i 
i 
| 
| 


цах аи и ШЕ 


В, = - 0.24693 _ 8.6255 
о T 1? 


A FORTRAN program is written to solve the equations. The results show that any 
numbers of tubes sufficient to allow the given flow rates with a positive pressure provides 
more than enough catalyst for the desired conversion. The problem as stated, therefore 
has no solution. However, we can choose a different L, and it only changes the 
dimensionless parameters. With L = 20, the problem is still unsolvable 


Еог1. = Юй , T=2.16 mbes = | 0.46 
ід 


Note: Using the modified program with 


Бр= Еп , р=9.05 х 103 ср 
2108 , A«215im* 

=> Х =0.80 , Р = 0.7537 
Using 1 1/2 in schedule 80 pipe (LD. = 1.5 in) А = 1.76715 іп? and the length to get 
X = 0.8 is impossible (Py < 0). 
With 2 in schedule 80 pipe (LD. = 1.939 in), A = 2.952877 in? 
This gives L = 6.67 ft , X = 0.80 and P = 0.9173 

І 1/2 in schedule 40 => А = 2.03580 in? 

L = 0.94857 , Х=0.8 and P = 0.6903 


P10-11 (a) 
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А—В+Н 


Assume а rate-limiting step; start with surface reaction 
А:5%577В-5%Н 5 


BS B+ 
Ho es 
Assume a rate-litmiting step; start with surface reaction 


rr, =r ЁС Р, 


Come up with ways to find P, Ру, and P, 


JAR. 20 Сы = КРС 
k BC 
2 Cys mE m KPC, 
-88. =0 ов 
k EC 
үх Cyg = EAE а КРС, 
THD =. 0 К pg 
Kun 


Find the expression for C, 
С. =С,+ С, + Са + Cus 
Combine all of those to get the following rate law suggestion. 


ERC ЕР, 


ғ менее MÀ 222 а 
| (1 "КЕ + KP, + КЫ) (1 + КАР + KP, Ry Py ЈЕ 


Checking to see if it fits, we see that for high P,, increases in P, cause decreases in 
the rate. We see that if Py or P, increase the rate will go down, which is consistent 
with the rate law. 


P10-11 (b) 


Now using POLYMATH's non-linear equation regression we can find the values 

for the parameters. We find that 

К = 0.00137 

К, = 4.76 

Ky = 0.259 

Ке = 0.424 
In the problem it is given that K, is 1 or 2 orders of magnitude greater than K, and 
Ke which is true so this is a good answer. 
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© Aegression 
даса 

rjCatbz.ibated 
ма зе 


Model: razexPar Cl -Кахмраскриру-кижрп)у“2 

к = 0.00137022 Kb = 0.259382 

Ка ғ 4.76084 Kh = 0.42359 

2 positive residuals, 3 negative residuals. Sum of squares s 5.22033е-15 


P10-11 (c) 

The estimates of the rate law parameters were given to simplify the search techniques to make sure 
that it converged on a false minimum. In real life, one should make a number of guesses of the rate 
lw parameters and they should include a large range of possibilities 


P10-12 (a) 


Assume that the second reaction is the rate-limiting step. 


у 


1, = Кс2Сан, 5 


Using PSSH, we know that 


ж Z * ~ 
Isin, = 0= КСан, С, 
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Perform a site balance: 


C, = Cy + Сн, s 


Combining all of these we find: 


MET CN NE 


1 КСзн, 1+ КСун, 


This rate law is consistent with the data. As the concentration gets larger, the 
rate change gets smaller which is consistent with the rate law as given. 


P10-12 (b) 


No answer is right or wrong, but the points will probably be higher than 
the ones given to see that the change in rate becomes even smaller. 


P10-13 
KF, ibe 
1+ KP po 
At high temperatures КУ as T T and therefore Kb <1 


Assume the rate law is of the form rj, = 


‚мс рр? 
рер = до 


Үрер Ё 
Pipo 
вш 0028 _ 
05) 
Run 2 у =11.28 
Run 5 22, -11.25 
(0.8) 


| 
! 
j 
| 
! 


At low temperature and low pressure 


КЕРЕ 
Пер = КЕ ІРО 
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0. шэн 


These fit the low pressure data 


At high pressure КР ро >1 
KF, 277 К 
r, Dep = 2 ipe 
КЕ, про K 
This fits the high pressure data 
At Рутро = 1.5, г = 0.095 and at Pyrpo = 2, = 0.1 


Now find the activation energy 
At low pressure and high temperature k = 11.2 
At low pressure and low temperature k = 0.4 


„'®|_Е[1_1]|, рк 
к) ВТ Г) К| ТТ. 


(ша), Е( 473-393 
In eee 
04) R((473)(393) 
Е – 7738 


E -15375 22. 


mol 


P10-14 
Tro, = ЦЭР” Л = В KS, 
l= f, + Sis = fA К,Р) Ла = 48. 


Py Ppi 


swt Кр , Рр= Kp РАлрР 
p TTIP Fpi 


ks Py Ky 
Шы РЕКЕ 
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Tro, = ЦЭЛ" "p PKS, 


1= fy + Jas ЗІН К,Р) Sug = pa 
Ы [ry 

Pr Ра, i oaa 
——-Kp , Р= Kp-Ptrp/Pp 
p 1 

„Ез Py К 
TO 1+ P Kr 

Рур / / Por i 


Гло, = Ti Е р ЈЕ“ “ы = pi = 
Low Prp: Rxn is second order 
Since [>> К РАчр/Рр, 
High Pru: 1<<КРЇтр/Рр 
Reaction is zero order 
High Temperature Кү very small such that 
Pire Кр К! << Pp; 


Р10-15 (а) 


Using Polymath non-linear regression few can find the parameters for all models: 
See Polymath program P10-15.pol. 


(1) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: rT = k*PM^a*PH2^b 


Variable Іпі guess Value 95% confidence 
k 1 1.1481487 0.1078106 

a 0.1 0.1843053 0.0873668 

b 0.1 -0.0308691 0.1311507 
Precision 

R^2 = 0.7852809 

R^2adj = 0.7375655 

Rmsd = 0,0372861 

Variance = 0.0222441 


а = 0.184 B=-0.031 К= 1.148 
(2) 


POLYMATH Results 
Nonlinear regression (L-M) 
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Model: rT = k*PM/(1+KM*PM) 


Variable Ini guess Value 95% confidence 
k 1 12.256274 2.1574162 

KM 2 9.0251862 1.8060287 
Precision 

R^2 z 0.9800096 

R^2adj = 0.9780106 

Rmsd = 0.0113769 

Variance = 0.0018638 


k=12.26 Км = 9.025 


(3) 
OLYMATH Results 
Nonlinear regression (L-M) 


Model: rT = КРМ"РН2/(14КМ"РМ/2) 


Variable Ini guess _ Value 95% confidence 
k 1 8.4090333 18.516752 

KM 2 2.8306038 4.2577098 
Precision 

R^2 = -4.3638352 

R*2adj = -4.9002187 

Rmsd = 0.1863588 

Variance = 0.5001061 


k=8.409 Ky = 2.83 


(4) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: rT = k*PM*PH2/(1+KM*PM+KH2*PH2) 


Variable Ini guess Value 95% confidence 
k 1 101.99929 4.614109 
KM 2 83.608282 7.1561591 
KH2 2 67.213622 5.9343217 


Nonlinear regression settings 
Max # iterations = 300 


Precision 

R^2 = -3.2021716 
R^2adj = -4.1359875 
Rmsd = 0.1649487 
Variance = 0.4353294 


kz102 Км-836 Кю = 67.21 


Р10-15 (b) 
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Were eru uem 


We can see from the precision results from the Polymath regressions that rate law (2) best describes 
the data. 


P10-16 


Using Polymath non-linear regression few can find the parameters for all models: 


See Polymath program P10-16.pol. 


(1) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: r= k*KNO*PNO*PH2/(1+KNO*PNO+KH2*PH2) 


Variable Ini guess Value 95% confidence 
ko т 0.0030965 3.702Е-05 
KNO i 57.237884 1.0353031 
KH2 1 101.9967 2.2870513 
Precision 

R^2 - 0.9709596 

R^2adj = 0.9645062 

Rmsd - 5.265E-07 

Variance = 4.436Е-12 


k=0.0031 Kyo =57.23 Kyo = 102 


(2) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: r= k*KNO*PNO*KH2/(1+KNO*PNO+KH2*PH2) 


Variable Ini guess _ Value 95% confidence 
k 0.1 -4.713E-06 1.297Е-05 
KNO 10 -108.42354 4.9334604 
KH2 1 1.046Е-05 2.878Е-05 


Nonlinear regression settings 
Max # iterations = 300 


Precision 

R*2 = -9,6842898 
R^2adj = -12.058576 
Rmsd = 1.01E-05 
Variance = 1.632Е-09 


К = -0.00000471 Kyo =-108.4 Кр = 0.00001046 
(3) 


POLYMATH Results 
Nonlinear regression (L-M) 
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Model: r= k*KNO*PNO*KH2*PH2/((1+KNO*PNO+KH2*PH2)42) 


Variable Ini guess Value 95% confidence 
k 0.1 5.194E-04 2.242E-04 
KNO 10 13.187119 7.659298 

KH2 1 18.487727 7.7652667 


Nonlinear regression settings 
Max # iterations = 300 


Precision 

R^2 = 0.9809761 
R^2adj = 0.9767486 
Rmsd = 4.262Е-07 
Variance = 2.906Е-12 


К-0.000519 Kyo=13.19 Km = 18.49 


The third rate law best describes the data. 


P10-17 (a) 
Mole balance: 

ах (ue 

aW Fg 
Rate law: 

ri XC, 
Decay law: 

da _ Каб, 

dw U. 
Stoichiometry: 

с = СХ) 

an | 


Evaluate the parameters: 


£z.8 
POLYMATH 
Equations; Initial value 
а(х) /d(w) зах (ха) / Ћао 0 
dta) /d(w) z-kd*a*ca/Us i 


каг9 
faos4000000 
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Us=250000 (а) Moving-Bed Reactor 


4.200 
ы BK, 
k=30 Key 
сао=.8 ний. 
Ca 
ервэ.б хээ, 


са=сао* (1-х) /(1+eps*x} 
ка=-К*са 


“0250. ЧЕ 50000 


P10-17 (b) 
Mole balance: 


ас, Са |ІЗУш, gag Са 
dt T 1+ Са Е 
“10 
асы „Сы _ a. 
dt 1 Т 
аса са. Аы auk Cn 
at T paci T 
М Cro 
Alaa a Eas | LE Yaa. « тај | Cas. 
dt 1 ра Сая т 
^ Cro 
ас, 
dt 


Everything else is the same and we need to know 7. 


V 
T= = 0.004 
Ур 
5 CSTR's in Series 
Equations: initial value 
d(a) /d(t)=-kd*atca 1. 


а(са) /4(5) =cad/tau~ ({ (Leyad) / +ca/ote) )+taut*a*k) *са/ бал 0.8 
d(caá)/d(t)sca3/tau-(((Leyad3) /[1cad/cto)])stau*a"k)*cad/t 0.8 
d(calb/d(it)ecao/tau-(((leyaol/(ÜL4cal/ctol)ttau*a*k)*cal/t 0,8 
dica2)/d(t]scal/tau-(((1oval)/(1:sca2/cto)betau*a*k)*ca2/t 0.8 
d(ca3)/dit)sca2/tau-(CULeya2) / l14cas3/cto) | etau*a*k) *ca3/t. 0.8 
kds9 
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бам: 0004 


Lose Џ 
ско=1 М 
k=45 a | 


сао=0.8 -. Са 
ya4zcad/cto 

yal=cal/eto 

yae=ca2/ero 

ya3=ca3/eto 

х-(сао-са) /cao 

уаозсао/ссо 


5) 5 CSTR’s in Series 


дения ИИ 
2.100 0.200 0,384 0.400 2.509 


9*0, tes o.5 ' 


P10-17 (c) 
The only change from part (a) is the decay law: 


4 


Хү х У,лхұФа1 


d KC, - Ше) 


а(х) /а(ж) =а* (-ха) /ёао © 
kz90 

| Еао=4000000 (с) Moving-Bed Reactor (Counte 
Ха 9 1.208 -- 
Us=250000 Bex 


за 0.800 - 


1 

+ 

| | 
wmax= 50000 .. Ca i we 

L 


M 
а 


urrent) 


сао=.8 сабаг 
eps=.8 

cazscao* (1-x) / (i+eps*x) 0.500 
ха=-К*са 


9.298 ~ 


asexp(kd*ca/Us* (w-wmax) ) 
Wy 0, We = 50000 алоо 


Р10-17 (d) 
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To find the Time-Temperature Trajectory we need to use the following equation 
for first-order decay. 


"ТСЕ HRT 300) 


Since no initial temperature was given, we assumed one of 300K. This is the graph 
of that equation. 


Temperature-Time 
trajectory 


1000 
800 
600 · 
4009: 


Temperat 
ure (K) 


ғә 
о 
с 


Р10-17 (е) 
The two energy of activations are switched and this 15 the new graph made. 


Temperature-Time 
Trajectory 


1000 - Я 
800 
“500 
2400 - 
3- 

200 - 


————Ói AH 


Temperatu 


QM —MÀ—9—À 
0 Ome 04 0-06 


The graph looks the same just the time is much smaller. 


P10-18 (a) 
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For all of the parts, the mole balances and rate laws are the same. They are: 


Find the equation needed for a. 


da 
mis k,aC, 
a=exp(-k,C,t) 


a=] when t=0 


Assuming values for vo, k, and ky come up with the following graphs according to 
the cases described. 


Initial value 


Equation: 


айсы) /d(w) zrb*vo 0 
d(ca) /diw) zra*vo i 
мо=18 
а=] (а) Case I 8 651000 
keel КЕЎ 
~ С; 

с=20 да 

ml ја. 


ras-K*a*ca 
xbzsk*a*ca 


“б ® ©, VE SD 


— чөлө meena 


2.800 оза 


[аз Саве ЇЇ 8 g»? 


ХЭМЭЭН pan 
1 Mu ) 
че бш ца: эв ims ! 
— Юр i ls i 
этэ Д, if 
SBE оре ES 3 
| yr 
1 A А 
BG Эр ғ M 
H guts h 
t quee ћ 
E un аб А 
эй DER „а Erw sertim nte i i m RTS ary mes mme timi ——4 
алины зан Ms ұйы өлер аваас 


- 


ЇЕ! базе 11308 g=? 


E i tts 

EEL Н й 3 
mee ба aan L ын i 
св | E 
— d f | 
запа 34 | 
Н Ш 
| | 
es 4 H 
5 | 2 
і - i 
Н Ж › 
ваш 4 ЁС | 
т E 
5 ae B 
; 25 H 

SIGE орет mme лет тт iei am н чине нн нтте ари 

587 зайн imme БЕУ Pm ре 
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E 


P10-18 (b) 


Find the new equation for a: 


da 


223 
ero md E, 


at 
1 


Lek Cyt 


Using same values come up with these graphs: 


Equations : 

dicb} га бн) axb*vo 
dica) /d(w)=ratva 
vozlo 

ха=. 001 

с1000 

kel 
az1/(l-ká*ca*t] 


KEY : 

эн ба 028001 - 

ЕЛЕР | 

теча à : 
12800 > 


* 
: 
я 
i 
i 
| 
| 
s 


Initial vaiue 


ааа T 
M 
wry + 
Зое Їл 
— Cà ата 4 
св [ 
- 8 1 
вв + 
Н 
тос 1 
i 
ава 04 
2.069 
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ibi Case III 8 tzio 
1.000 


KEY Т 
— Са бео + 
cb | 
— а % 
8.800 v Ж ү. 
| : 
T X 
i 3 жаң 
2.2. -- oN 
i № 
t ; р 
0.200 | d Pd 
a di 
2 ем” 
-— шегі 
0.200 идээн o ra эн 1 
c.Dos 8.590 1.206 1.866 #.+00 3.306» 


u 


P10-18 (c) 


Find the new equation for a: 


da " 
- dt = К,аС, 
агехр(-Ё,С,) 
The following graphs are made: 


Equations: Initial value 
аса) /d(w) «гала 1, 

dich) /d(w) zrb*vo © 

уо=10 

kds.001 

551000 (с) Case I 68 tz1000 


3.000 
21 


mii 


2 
| 
З 
4 
| 
| 


= как ~ 
asexp(-kd*cb*t) ш Са: cus 
Ё T 
rbsk*a*ca a i Е L 
ras-k*a*ca 2.600 | ТЫ 
Wa = 0, We _ I E 
о 2-1 аш + 7 А 
i i 
c.200 + 
ы 
H 
9.000 ea. 
2.500 
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{с} Case IZ 8 544100 
1.653 = 
} 
ас 1 


n 


a 
» 

£s 

2) 


T 


3.006 


ое 


T 
a 


1.909 


2.820 


9,209 


2.926 


P10-18 (d) 


Making a into a differential equation we come up with this: 
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—Ó— M: 


Equations: Initial value 


d(ca) /d(wi=rat*vo 1 
а(ср)/а (у) =rb*vo 2 
dia) га (ж) = kd*a*ca/Us 1 
уо210 
kd=.001 
Us=10 Е 
1 KEY 
=1 KEY 
JE ~ Са аво 
rbsk*a*ca . Cn 
sui dp 
ras-k*a*ca 8.592 
ма = с, Че = 1 т 
8.428 e 
4.206 
esos d c — 5 : яс 
ОО 2.290 2.20 0.605 6.855 LES 


1,080 -- 


— Са овоо E 
— а 4 Ё 
5.600 2 


о. 400 


5.009 E "ECT erm i | 
8.000 0.400 m Geor ырш | 


(d) Case III 


каараны eer 
T 


1.000 


MTM MM Shea ste mi 
reet mm PARRA pA: 


—- Са  n.200 


1 
1 
fe 
— 
/ 
i 


0.600 - “ә... 
9.408 иц 


0.400 -- 


атов тинт Зи Son некен 


8.3089 2-000 53.0905 cop 8.005 10.0065 


Р10-18 (е) 
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Everything from part (d) is the same except for the decay law. 


Integrating: 


дааа 


I: 


У ах | 
а exp —- Ма) 


Equations: Initial value 
ü(ca)/d(w)sra*vo . 

d(ch) /diw) srb*vo ü 

vozlo 

kdzl 

Us=10 LAGG зэ. 
К=.001 ERY. 
чпах-10 x ru una 
azexp(kd*ca/Us* (w-wmax) } эр; 
rhak*a*ca 


ie) Case 1 


rat-k*atca eco d 


: ул 0, We ag 


10-46 


. Ср ij 
I9 741 
0.550 4 

| 

Л 


ои неси а | 
5,000 2.005 4.000 Soo 8.000 наос 


1:820, spe ИН 2 
RM p 
T | ЕЕ 
КЕ T 
— Са снос d p di 
cb | 25 
— & T pn 
{ 
0.500 м >” 
но 
ко илэн E 
1 "nd zi 
Баба um emn 
т 
| 
0.268 те 
! 
| 


0.200 сомони 


2.000 22006 4.908 4,995 8.0952 HLIST 

P10-19(a) 

da 

өтін. W=U,t dW =U,dt 
dt da _ № are” 

ауа U, 0, 
If pape then W st =2.5kg 

0, p 2 
dX -r_a akC?, (1-х) 


ах [i-e шини 


Us Vo 
f ax = Kao pi EP ay 
(1- Xy Vo 0; 


Activity is zero for W > 2.5 kg, so the catalyst weight only goes to the effective weight. < 
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= 


X =0.2 


P10-19(b) 


P10-19(c) 
For infinite catalyst loading a= 1. 
4X Са X) 
ау/ Vo 
ЖУ КС Wel 
1-X Уу 
X =0.5 


P10-19(d) 
ama а 


Р10-19(е) 
kW 
a-1--2— 


ЖӘЙ, 


8 


0-1 
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U, = kW =0.2*5 EL: 


5 


P10-19(f) 
a = 0 means there is no reaction is taking place. Activity can never be less than 0. 
P10-19(g) 
U=-U, 
gas when У = И, a=1 
dw U, 
a= KW +C 
$ 
1= КЫ: +С 
Us 
а = kW, +1- kW, 
0, U, 
Now find We. 
0- кой, -1- Б, 
5 0; 
v - с a 
кь | Us 2152 
W, -2.5 
2 
ах 1, Бүү kc, (1- X). We Wt 
"mte | уу 
1-Х Vo : 
Из 2 

ae KC ao (W, ЖЕ kW, + ША 
1-Х Y | U, 2 | 

5 _ | 
- 200 үз же 129557] 25-922 
1-Х 0.5 2 
=S =1.875 

-X 

X =0.65 
P10-19(h) 


8-160Е,Х-100, 
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=1-2р_ 
U, 
2 эрэ poe 
dW U, 
2 
еру M 
2U, 


To maximize profit, a maximum in profit is reached and so we set the differential of profit equal to 


ов 10 
5 dU; 
ах KW 
dU,  2U; 
2 
160F,, SN -10 
20; 
8F, КУ =U; 
U, = ВЕНЫ? = /8(2)(.2)(.2)(25) 
U, =4— E: 
min 


P10-19(i) No solution will be given 


————————————————————————————————— 


P10-20 (a) 
Start with the mole balance for a batch reactor: 
АХ -nW 
dr Ny» 
Rate law: 


Stoichiometry: 
B, = Во -Х) 


Plugging those into POLY MA TE gets the following program and the following 
graph 
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iesu ellus ce 


Equations: Initial value 


dix) /dic)z-rt*w/nto B. v 
Gla} /d(t) s-kd*a^2 1 
w= 
кел20 DE Пе та шил — 
kdsi.6 э т P odi 
0101 is таш = Бай 
= Lo 
2.400 T ГА 
R=.082 DT e 
au | / 
T=735 anes + / 
ptepto*(l-x) | / 
rte-ko*pt*a Tu Tf 
nto-pto"v/[R*T) ажар 1 
Ё See oe ee КОШ у ке ge ME 
Fo = 6. tg aooo * 
For the moving-bed reactor the mole balance now becomes: 
dX =y 
M, ü 
dW Fo 
Everything stays the same. Plug into POLYMATH. 
The conversion achieved is X = 0.266 
Equations: Іпісізі value 
dixi /diw)#-rt/faa 0 Г 
dla) /d(w) «-kd*a^2/Us i | 
кст20 
Ғао«600 
Кӛш1.6 Variable $ Minimum vaise final чатов 
Чаа2 Ж Қ 5 94 
ptos2 К 5 28816 9 9.28516 
ii 2: а 1 1 2.0243902 0.0243302 
ptspto*il-x ke 26 20 3% ac 
rtz-kt*pt*a fao 500 600 600 800 
w. = 0, We ка 1.6 1.6 1.8 1.8 
0 Е = 50 ts 2 2 2 2 
pes 2 2 2 2 
pt 2 2 148788 1.48755 
zu -40 0.715941 40 0.71594. 


P10-20 (c) 


c) Increasing U, will get us a higher conversion. Looking at this summary table, 
U, = 10 kg/h and X = 0.6 
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Variable Initial value Maximum value Minimum value Final value 


м 9 50 a $0 

a 1 1 9,111111 9.111111 
х 0 6.585888 9 0.399688 
fao 609 800 500 600 

kd 1.6 1.6 1.6 1.8 

gs 10 10 б 10 

kt 29 20 20 20 

pto 2 2 2 3 

pt 2 0.809525 0.800625 
xt -40 -1,72937 -40 "1.77912 


Р10-20 (d) 


For second-order decay: 


l-exp [E В.В, +E,(1_ 1) T" Ба-В (1 1 | 
hg R Т T E R T, 
pue ере ашыды = 


Зоо оо тээ. ср 


For E, = 25 kcal/mol and E, = 10 kcal/mol: 


= ed osi --ехр 


n 549 11. 
(Т 7351 


Use this equation in Excel to generate the following graph: 


Temperature-Time Trajectory Temper ature-Time Trajectory 
Еш Eb and E 
: 1500 үзеге m m ten BEI tn sateen 
g © 
S Е 
Е = 
5 А 


For E, = 10 kcal/mol and E, = 25 kcal/mol: 


TS ЫГ 25-10 |+ 1 s]... 
001987 | | 
SUE 


1.6(25/10-1) _ T 735 


Use this equation in Excel to generate the above graph. 


P10-20 (e) 
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Іп part е, the only thing that changes from (b) is the decay law and the decay 


constant: 
da (Ра: 
Тау Uy 
k, =0.2 


Plugging into POLYMATH we get the following summary tables for U, = 2 and 10 
kg/h. X = 0.50 and 0.88 respectively. X will again increase as U, increases. 


Equations: 

dO) /d(w) =-га/Еао 

dia) /d(w) z-kd*pt^2*a^2/Us 
ка=,2 

Usz2 

faoz600 

Xt220 

prosz? 

ptzpto*(l-x) 

razs-kt*pt*a 


wa = We = 50 


Initial value 


0 
1 
Variable Initial value Maximum value Minimum value 
“ 0 50 9 
х 8 0.502431 Q 
a 1 2 0.104535 
ка 9.2 9.2 0.2 
Us 2 2 2 
fas 860 600 500 
KS 29 20 29 
pto 2 2 2 
pt 2 2 0.995138 
ха “40 ~2, 08253 -49 


Maximum value Minimum value Final value 


50 0 50 
0.875709 0 0.875709 
1 0.553922 0.553922 
9.2 0.2 5.2 

10 19 io 

600 699 600 

29 29 20 

2 2 2 

2 0.248581 0.248581 
2.75389 -40 “2.75389 


А Э В Elementary reaction with 1* order decay. 


10-15e 

variable Initial value 

м 0 

x ü 

a i 

ка 0.2 

us 10 

fao 600 

kt 20 

pre 2 

pit 2 

ха “40 
Р10-21 (а) 
"ы —Кра 

dt 
а-ехр(-К/4) 


P10-21 (b) 
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Final value 
50 

9.502432 
0.104635 
9.2 


0.995138 
-2.08253 


1.0 


t 


The activity is never zero for first order decay. When a= ехр(-К pi) there is no t such that a= 0. 


P10-21 (c) 
Mole balance: 
АЙ АЙ 


dt М ао Соу С У 


Rate Law: 
ғ!--а [7 '(t= 0) | 
= (t = 0) = КС, 


Decay: 
a=exp(-k,t) 


Stoichiometry: 
C,=€,)(1-X) 


Combine: 
= =exp(—kpt)k, (1- х 


Vo 
1 kW г | 
In fa = г. |1-exp(—kpt) | 


— 


Ку 


Р10-21 (4) 


) 
X -1-exp(-2[1-exp(-1) |) - 0.97 
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P10-21 (e) 


Decay rate increases more rapidly with temperature than does the specific reaction rate. Therefore, 


conversion decreases with increasing temperature. 


Р10-21 (f) 


E (T) =2exp аі 57-28 =0.57 
Коу, 310 400 


К 57 0.1ехр 2000( 55-15) = 0.53 
300 400 


X =1-ехр(-0.57[1-ехр(-5.3) |= 0.43 


Р10-22 (а) 

In order to get a high conversion the entering pressure should be as high as 
possible since the rate is a second order function of the pressure. U should be 
kept low since the conversion is an indirect function of the flow rate. 


P10-22 (b) 


The problem with such a low flow rate is that the activity will remain low. 


P10-22 (c) 
We can use the same equations that are given in example 10-7 with a few 
exceptions. For example the rate law, we use the one given in the problem: 


2224, 92. 
т == KPI 


The activity will be different because the equation given is different: 


_ da 


----ш БАС 
at D**-coke 


_ Ча _ КраСсоке. 
dz U 


To find the concentration of coke we use stoichiometry: 


x 
Proke = Pao 1 + £X 
Cooke = p 


We find that the value that gives the best conversion (X = 0.337) and uses the 
whole reactor 15 U = 7. See the following POLYMATH program. 
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Initial value 
1 
р) 


i Maximum value 

kds108 5 a 15 o i 
кртішесбе-5 а 1 $ 0.000254348  0.009254948 
To=? x 9 5 336734 © D 33873: 

cao @.22 0.22 0.22 9.22 
ервзі xà 100 100 100 106 

2.082 korine 5-18 56-05 58-05 5е-05 

Т=673 Чо 4 2 у ? 
paosi2 eps t 1 d 1 

R 0.082 3.092 0.082 6.082 
rho=80 т 613 873 573 673 
UsUo*(l1seps*x) pao 12 12 12 12 
pa=pao* (l-x1/(i-»eps*xl nha аз 80 80 80 
peoke=pac*x/ (L-eps*x) О 7 9.25712 7 9.35712 

Ba t ы = авла 
raprime=a*(-kprime*pa%2) хэн ч хо : ld М d 
ccoke-pcoke/R/T хархіле -0. 0972 -4.518346Ф-07  -0.00?2 -4 51934207 
rasrho"raprime ecoke 9 0.0547782 0 0.0547782 
сый "n р га -2.826 -3.51547e-05 «0.976 ^3. 618472 n& 
"0 ý Ё я 15 


Р10-22 (4) 
То find this the only change necessary was Ше values for the k’s because 
they change with temperature. 


2 Е 1», ^p 
шы вы E (== " Э) 
5 SPUR. T 


i R 673 T 


The POLYMATH program below shows the results. The temperature is 485K 
and the conversion is 0.637. 


Кр = 100exp 
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— 


Equations: 

d(x)/d(z) z-ra/U/cao 

& (а) /4(2) z-kd*a*ccoke/U 
саох.22 

Зоч2.5 

ереші 


rho=80 
kdz100*exp(15000/1.987*1(1/873-1/T)) 
kprimesSe-5*exp(3000/1.987*11/673-1/T)) 
UsUO*(l«eps*x) 

paspao*(l-x)/ilseps*x) 
pcokezspao*x/(l*eps*x) 

ceoke=peoke/R/T 
raprimesa*(-kprime*pa^2) 

rasrho*raprime 


79 7 Фе ?g 2 15 

Variable Initial value Maximum value Minimum value Final value 
= 9 15 | 9 22 

x 9 0.627285 0 | 0.637285 

a 1 i 0.505597 20.505537 
cao 0.22 0.22 0.22 0.22 

Uo 25 2:5 2.5 2:5 

eps H X 1 3 

8 0.082 0.082 0.082 2 982 

т 485 485 485 485 

pao 12 12 iz i 

rhe 89 во 80 80 

ха 1.2932 1.2932 1.2532 1.2932 
kprime 2.09558e-605 2.08558е-05 2.095588-05 2.09558е-04 
р, 2.5 4.09321 2.5 4.09321 

pa 12 12 2.65841 2.65841 
pcoke 0 4,6708 9 4.6708 
ссоке ù 0.117445 9 0.117445 
гартїпы 0. 003017683 -8.9702i1e-05 :0.9023012762 

га -0,24141 ^0.00717816 0.24141 


Р10-22 (е) 


10-57 


Initial value 
0 
i 


“То find the temperature-time trajectory, use equation (10-119) and add С, 
where necessary: 


tend БАВА + а 2 1 
i к (17) 


е i ЦОЛОО. 


{=— 


The following curve is generated from that equation. 


Time-Temperature trajectory 


см 
~ 
~ 
о 
e 
SM 


1200 | : 


О | 
5 2.0.01 0.015 002! 
жалық талы 


"—— ———— M 


Р10-3а) —. — 
шалгадаг Э) | | Еее? 


Design equation: = РАСХ 


Assume Weig .. те РАСА 
Cumene "m Propene + Benzene 
(A) (R) (5) 
Fao (1-X) Faox FAoX 


The amount of cumene hydroperoxide does not contribute si gnificantly to the toral number 


of moles, 


TEE o Хэт 
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ГХТ-0204Г 01ST 0135 010700857 
EL iL Өр e Мар anm 


in a ys. t gives the best fit а= ct 


а = 4.27 x 10? (sec) 


Therefore, decay is first order with decay constant of 4.27 х 103 (sec) 


P10-23 (b) 


C „Еду. „Fap 0(1-Х) -Х) 
ФА = 
9 15) 


Assume по АР: № =П = Fan (1+Х) =v={1+X) бо 


Ма По Fao 
= Fadl-X) 2. (120 
ЯТУ “Ад ҮҮХ) 
(1-Х) 
z ле Жыш 
РА "А ВТ = Cao (13 X] RT 


Mass balance: FagdX = гім 
гэе РА 
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Fag dX = i k Pa dW 


Fao 1--Х [gw Ww 
о 23 ло 4 = | «бн 


Fao = 20 momin = 1/3 mol/sec 


Сад = 0.06 kmoi/m? = 0.06 mol/l 


В =0.082 ÆTL 
K*moi 


T =273 + 420 = 693 К 

К = 3.8x102 mol/g sec atm 
а = 427x102 sec} 

W = 100 ке 


Us = 10kg/min = 1/6 kg/sec 


Equation (1) becomes: 
2% Cao RT k Us | 
пох) x= Em BTA | 9-1 
(0-06y0. 082x693]. 8х103 1! 25 [о | 425101000]. | 
21n (1X) + X =———- Med E ЕС erg pe 
( L\ (4, 27103 | b i ІШ 
=-14 х 103 
Х = 1.00 
P10-24 (а) 


S — W + СО; : first order, irreversible. 


- da = ka an СД = kaan 


тА = Ка Са 
1 
Э а 
Assume пш2 га Or: 
a оваа 558 
ші%- 1+Kat 
1) K т 
In x] 
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For T=300K 


(min) 0 20 40 60 80 120 
X9 1 07 056 045 03% 029 
ма (ris 99.5 1424 1781 2217 2626 3443 
For T = 530 К 
Esas 0 5 0 15 20 30 40 
X 2 12 089 0.60 O57 042 0.33 
Ма | 151 49.5 828 1118 1444 1749 2376 302.5 
© +» 
xn > 


Ф Т = 500K 
ФТ = 550K 


They are straight lines 2. п=2 


For T; =500К : slope = 204 Кё 


11:41 | => Ка = 0.02 
[Vintezcegt] = 0.01 =(t Kh 


For Т;=550К : slope = 6.325 
$i Е => ‘a, = 0. 
(c Ky =0.02 | шанасы 


ЛЭ К 


=ехр [Еа (1. 11 
Ka 0.1265 ~ (85141550 5) 


Eg = 84,344 21. 
moi 


хөвөө c] tao ВЫ ос 


Ка, = 1.296 x 10? 
We want to maintain Ka = constant 
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| 
| 480 485 490 495 500 


P10-24 (b) 


Since the equation for the acivation is: 


we cannot find a time for which а = 0, because it is mathematically impossible. We can, however, 
find a time at which the activity is small enough that it can be considered to be zero. The following 
graphs show the activation for the two temperatures given 


Activity of catalyst 


ДІ a(580) 


activity 
о о о 
B2 4& оо (Do 


Ge 


| peru (500) 
| 
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The graphs show that for 500 K, the lifetime is about 1100 days and for 550 K, 
the lifetime is about 450 days. 


P10-25 


First we need to find Cao 


Yera = 0.1 
Руда, 237105041) 


| = 0.065 
RT (8.309)553 


Cao = 
Start by guessing that the decay is first order: 


Елші k, 1n Ус nte А s 
d n(k,) C 


XVe were told that the reaction is zero-order when the conversion is less than 0,75. 
This is true at any time after 2 hours. We also need to find the denominator 
as a function of conversion. 


This is the graph that we get: 
с” 


іп (t/cao*x)) vs 
time 


— —————Ó 


in(t/cao*x 
NN Ф 


| ` y = 02024x + 2,6478 

| санне — | 
| 0 5 10 15 | 
| Time (В) | 


————"—————————— й 


As can be seen this graph is linear which means that the decay is first order. We 
also know that the slope will be the decay law constant so k, = 0.2024. 
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— е. 


P10-26 (a) 


Mass balance: 


ах ТА 
dW Fag 


Rate law: 
-ra = Каса 


Decay law: 


Energy balance: 


Ua ; 1 
ша т, T) + for, (БАН 
Stoichiometry 
1 1-Х 
Cox Cage at 
А ЗАР Lex 


Evaluate the parameters: 


| - 
k = 0.33exp| 3777 –-== -- = 
25 | Ёс Т | 


[ WE 
ka = О.ОТехр| 7000| =- | 
* ч (% 28) 


Plug that into POLYMATH and get the following program and answers. U, to get 
maximum conversion will be 17 kg/s. 
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Equations: 
Gla)/d(wy=-kd*a/u 
d(x) /d(w) =-га/ бао 


A(T) /d (w) = (Ua* (Та-Т) -[-za)*(-Dhr1))/(U*cps«fao*cpa) 


Ёао-5.42 

Usi? 

та=323 

Dhris-80000 

срва100 

сраз40 

Ed-7000 

Erz3777 

саош.27 

ерѕ=1 

Заз, 8 
kdz.0l*exp(Ed*(1/450-1/T)) 
kz.33*"exp(Er*(l/450-1/7T)) 

cascao* {1-х} / (1+ерз*х} 
azK*a*ca 


wp = 0, We = 50 


P10-26 (b) 


Gama кҝ х 
a 
а 


> oO 
3 5 8 
ч 
pa 


15 + 
ЦЭ 
Д 
+ 
a 


| 
| 
| 


igizial valus 
4 

2 

БЕР] 

5.42 

17 

323 

-80900 


150 


Maximum value 
59 

1 

0.387222 


$45.513 


al value 


Нізіпша value 
0 

0.251595 

a 

450 

5.42 

17 

323 

-80000 


0.8 
9.01 
5.33 
6 0161349 
-0.14641 


Using the same program we can see that the maximum conversion is 0.887 


Р10-26 (с) 


Everything is the same except the energy balance: 


ҒИ 


We also need ап energy balance on the catalyst particles. 


Н 


dT, 88,1,-1) 
ауу UC 


Choose values of h and a,. We find that T, needs to be slightly higher 
than T in order to get a large conversion. The maximum conversion will 
be different for each T, that is used. 


CDP10-A 
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5 
2 271596 | 
9.887222 | 


4 
2.0181349 
-9, 01339324 


e 


"Given: The caralydc oxidation of ethanol 
СНз СН. ОН + 1 59: — CH; CHO + НО 


Denote: А [=] CH; CH, OH , B {=} CEL CHO , W[=]H,O , А55 [= СНз СН O-S 


Mechanism is belived to be the following: 


А +25 С AS+HS та = ka [Pa СЕ - Cas Cus/ Ka] 
Q, +25 © 205 чо = Ко[Ро, C - Ска] 
AS +0-5° 2 8-0Н-5-5 -Tao = Као [Cas Cos: - Рв Соњу СУКАОЇ 
OHS’ +HS 2 Westy aw = kw [Coms Cus - Pw Cs Cs/Kw] 


It is given also that Сн = Cas 
With reaction (-rag) controlling 
г” CAs Сн = КАРА C$ ог Cys = Cas = УКАРХ Cs 
A 
[280 Cds: = Ко Ро, Су ог Cog: = (Ко Бо, CE 
Ру Се Се 00 аа 
1950 Cons: Cig = with Cis = ҮКА РА Cs 
kw Kw 
с Ру Cs 
OHS T Ky ҮКА Pa 
Cr= Cs + Cus + Cas = Cs[1 + ҚАРА 


f 


! 
Cp = Су + Cos: + Cones: seen 


1 + Y P ose 
Ko Po, тай == j 
Pa Соне Cs] Рв Pw Cs Се | 


[ 
ТАО = KaoiCas Cog: - e “ш јекоју y КА РА Ko P Po. Cs Ce - Ev Ex С Б] 
t 4 А 4 Ad 


E d АО = =. "a idera ЛЫТ Би _] 
Y Жет 
Al Көз тог | 
Initially Pg = Pw = 0 


Као Ka РА Ko Po, Cr Cr 
(1+ 27КАРА) (1 + 2YKo Po) 


ТАО = 
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(b) With reaction 3 irreversible, -rao = kag Cas Cos. Since A-S, H-S, OHS’ are created 


(and destroyed) only at the reaction surface. A stoichiomerric relationship exists between 


them: 


Cus: = Cas + Cons 


(а) 


The same equilibrium expressions for reactions (1), (2) and (4) exist as before: 


Cas Cus = КАРА C$ 


Pw Cs Cs 
Cons Снӛз------ 
W 


(b) 


(с) 


Pw Cs Cs Ру Cs Се 


s- (Cis - Cas) Сн = Mer add Chs = КА РА C$ + 


Pa Cs Су 
ог Сну = ү КАРА C$ + == 
Cas ж Ka Pa С5 


2 Ру Cs Су 
Y Ka Pa C$ age 


Р Ж“ Cs Cs 
Сон = Kw : 
Ka Pa C$ + — 


Ka Pa C§ + а 
№ 
a PU. 
with K,P,C; >> E cM 
Ay 


Ст = Cs[1 + КАРА] 


1+ К.Б, +> 2. | 


21 заг ч 
С=С, 


10-67 


ae 


ура 


MÀ 


Kw 


Кате expression becomes: 


m = Као Ko YPo, Cy YKa Pa Gl m E ea 


л 2 1/2 
i C 
Kw Ka Pa Cs 


П2У Р El ice 


Цас 


Ж M хаг —— 
иК,К,Р,| 1+ КОР, JKP, | 
CDP10-B | 


We can first try to come up with a rate law for this data. We can see that as Р; 
increases the rate law also increases but slowly the amount by which it 
increases becomes smaller this tells us this: 


E. c E: 


AC 1 + КЕРЕ 


We can then see a similar thing happens as Ра increases so: 


ма 7 PME Р i M 
1 + K H РА 


Since both reactants аге adsorbed the mechanism must be а dual site. This 
makes the rate law: 


KPEP 


Е ТАЛ 1 WGP: + Кир: 


We can then plug this into POLYMATH and we then get the following values 
for К, Ky and Кн. 


К = 146 
К; = 2.63 
K, = 1.76 


10-68 


—— 


o Regression 
сәсе 

(1Са1с.4 аттес 
value 


з i 
Ce ee ын ЕККЕН. ЕКЕН 
i 2 8 5 ? 


Model: татезсибожОн1»-КомбежКнирнуэ2 
< = 14,8345 Қа ж 1.75797 
Ке = 2,53471 


1 positive residuals, 4 negative regigduals. Gum of squares = |.48236е-05 


CDP10-C 
(1) №0 +5 2 М:0-5 


SiH Cl; + 230.5 — 510 + 23 + НА + 25 


(2) Мо+52 №0.5 


N20 - S + SiH; Cl; (p 3$ SiO- S +2НСІ + № 
N;O-S-SiO-S — SiO; + 25 + № (Rapid) 


"4 K Pocs Ро | 
SENSN PG | 


Ед." Oh 
(3) av = Tat Plug Flow Reactor) 


Froth = „га 


Mae ( 
Fao 


op = KENO Poes, 
^ T+ Kyo Puo 


та 
ах 
т 
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(1-Х) 


Pocs = Pa = Pag (i+ ex) 


Өң-2Х 
Py.o = Pg = Pao m 


(6-2х) 


__ К Pho (1-X) ( Өв-2Х) 


—— — 


(1 + EXP + Кв Рао (08-2Х |(1 + eX} 


5 
ЗАД ы 3,68 _\ EPER EMi ETIP. 
ы ENSE IS шагы 


Slope = É = 0.7465 


1300 К 
Puo Pocs | Intercept = ш 703 
жм 1200 1 k 


К = 1.49х10-3 Á/mTorr^min 
К = L1x10? mTorr! 


m Tor min 11004 
A 
1000 


300 400 500 600 700 800 900 1000 


Рио (m Torr) 


Кв = 1.1 x 103 m Torr! Kg Pa; -(141 x 103)(157) = .173 


k Pio = 1.49 х 103 (157} = 36.68 Алпіп 
Ca 2367 ÀAmin——————2272:2XM4VX) -- 
PT (1 + 25XP + .173 (3.07 - 2X)(1 + 25Х) 
Едо = 3.68 x 103 gmole/min 
212 Алип) = 44 x 10r, {gmole) 
Ээ ^ (2 min} 
а = 250 m*/min 


X 
«| dX => Area under curve of X vs. 4- 
AD Р Ч 


Ta Ta 
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= 


T ea 5 Ч 

Х q (Amin) -Ит, (шш) Ит, (m2/gmole} ES Хад) 
0 73.6 0.0136 3091 0 

0.025 70.3 0.0142 3235 79.1 0.0012 
0.5 67.0 0.0149 3392 82.8 0.0912 
0.1 60.3 0.0165 3739 178.3 0.0026 
0.15 54.9 0.0182 4139 196.9 0.0029 
0.20 49.4 0.020 4545 2171 0.0032 
0.25 442 0.0226 5145 242.3 0.0036 
0.30 39.3 0.0255 5784 273.2 0.0040 
0.35 34.7 0.0288 6547 308,3 0.0045 
0.40 304 0.0328 7465 350.3 0.0052 
0.45 26.5 0.0378 8589 401.4 0.0059 
0.50 22.8 0.0439 9983 464.3 0.0068 
50.55 19.3 0.0517 11746 5432 0.0080 
0.60 16.2 0.0617 14029 644.4 0.0095 
0.65 13.3 0.0751 17067 777.4 0.0114 
0.70 10.7 0.0936 21262 958.2 0.0141 
0.75 8.3 0.01203 27338 1215 0.0179 
0.80 6.2 0.01617 36760 1602 0.0236 


Reactor Volume per wafer = 9.8 x 10-* m3/wafer 
-. Number of wafers, n = V/9.8 x 104 
A plot of conversion X, vs. number. of wafers can be obtained 


200 + 80 


60 


100 - 40 


-ra (Алт) 


No. of waters, n 


20 


Corversion, X 
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The thickness on these waters can be obtained from the same plot. 


Wafer #1: X=0 
т, 2 73.6 Afmin 
г. After 30 min: 2208 A 
Wafer #50: X = 0.52 
т = 20 Å/min 
^ After 30 min: 600 
Wafer #110: X = 0.78 


> 


” 


т,” 6 Afmin 


л After 30 min: 180 А 


CDP10-D (3/e CDP10-E) 


CDP10-E 


(a) For simplicity, letters were substituted for the species in the 
problem statement. 
A ТҮСІ, B = МН, 


C= TiCL(NH;), 
D = TiCL(NH,), +5 


The rare equations for each of the three steps in the mechanism 
is given below. 


4 g f; | Би " 
а Ро, | BEER (S KP 
| K. | 5 


се 


рер = Ky (% ХЕ, ) 


Equations 1 and 2 are substituted into equation 3 because the 
third step (the deposition step) is assumed to be the rate 


limiting step, we want to find the rate law of the deposition, and 
we have data for the deposition rate. 
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Also, remember that we have the relation below: 


wr? 


Substitute everything into the deposition rate law: 


moe, Where К, and К, are constants 


We now have to check if the above rate expression agrees with 
experimental observations. 


• The rate of deposition is independent of Ar and Ні»-ҮЕ5 


* Atlow partial pressures of ТІСІ, and NH,, the deposition 
appears to be first order in ТІСІ, and second order in 
NH,.--YES 


* At high partial pressures of NH,, the rate varies inversely 
with ТІСІ, -YES 


(b) To determine the reaction rate parameters, we must 
rearrange the rate expression to a linear form. 


PE 4 e 


F: WE 172. p reae 
шин ye + Jh 


A plot of the experimental data is shown below. 


Titanium Nitzide Film Deposition 


Model Verification 
Е 
xX 
~“ 
A 
Е. 
= 
Ё 
ы 
ы 
2 
Ф 
R = 1.442162Е 17: «2216796665 
RAZ УМЕЛ 
«я т sates tant pee eem m 
5 б о 5S бз o o oc 
22222282 
тз SR BRS 
= 
PaPb*2 
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— 


ұқ 
К. =2.035x1 оч Jmol o 
спу + mins mT’ 
к. 
—— = slope = 14 42 
NT 
i 
К. = 6.505 х 107 —Ó 
E mT’ 


() The experimental data, when plotted with the rate law 
derived in this problem, form a Straight line. ‘Therefore, 
he proposed mechanism mav be used to describe the 


tk 
2 ы ty hited т 
deposition of titanium nitride films. 


CDP10-F 


Given: The dehydrogenation of ethyl benzene to styrene: 


Cg Hip — Cg На + Hz 


E =e St +H? 
Quanurative data suggests reaction rate is of the form 


А: РЕ 
“Ге [64 он wh еді; os р 
Т жА РЕР Аз Ре ere Al, 82, A3 are constants 


The fac: thar (-ғр) is independent of Hy suggests that the reaction is reversible, and that Hz 
is not adsorbed on the catalyst surface. Also, the above expression for (-re) suggests that 
both E and St are adsorbed on the surface г. Try the following reaction scheme. 
ЈЕ + S <> E eS ~ 
Ta = ka [PECs - Се КА 
Боб <>SteS tH, | 
Ts = Ks [Ces Се Рн/К$] 


Sto S €» 51 + 5 
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тә мозга > 3D 1j 
To insure that Рн, does not appear in the rare expression assume that the surface reaction 


controls: 
ЛАО СЕз= Ka Cs Ре 
КА 


Cs Ps, 

===0 Сес = 8.2.21. 

$$ Kp 

Then: Cyr Cs + Ces + Coes = Су Ї +КАРЕ+ E 


Cses Рн | | Ps Pm. Pu | 
"Тесш < - A = ~ ў 
And -rs = Ks Ice 5 K; ks Ka Cs | Pg Ka Ks Kp 


Py, 
Е 
эг -1$ Serer a WHEE Keq = КА Ks Kp 
1+ Ka Pg + Est 
Kp 


with К; >>> 1, reaction can be considered irreversible, and its dependence on Paz drops. 


Bue ое, where k= ks Ст 


Evaluation for К. КА and Кр 


Rearranging the rate expression: їз pean EEG Ps 


with Ps, — 0, a plot of Б vs. Pg should be linear with slope (5) and intercept EL Since 
"іу k -kK A 


only two points are given with Рс = 0, it is easy to solve analytically: 


rh ptem 


P 
ЕЗ! n EU t (Реј and {те}, EET * (РЕБ 
(Ee) А (Ee) 
From above: Ј = {382 АТЫЛ = 25.71 E 1- 666.7 Еа 
Es (Pzh E (РЕ) нэ gmole 
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een 


Ka = 16.64 amr 
Now, taking бала points 1 and 3, in which Pg is constant, the value of Kp ККА and hence 


Kp can be determined: 
onere аш хад (Psi) 
Бо pom: [Ё (85, = КК. + t {Peh + ELKI 


Substracting, and solving for TN noting that (Peh = (Pg) 
Kok Ka 
ry | 10 н А A 
‚__ Ceb llash +] _ _ 0166103 1415003) gen cat -min 
КокКА (Ра (Бе) 10- 00 emol 
| сте а £I cat + min 
жены inde me 17.3 $— ——— 
Kpk Ka 5 emole 
Kp = 0.007534 
n Rate expression is 
ады жонар тс. ore дымы Oe en ИНОЕ (= .gmole | i 
: 1+ 16.64 Pe + 132.7 Ps, (gm car- min 
r ДА 8 a: Е 
+ 16.64 Pe 0.00753: 


РЕ 0 
‚ (МБ = 104.1 тас 


(a) (MWe = 106.1 Er ‚ (MWg = 18 ~ 


Then 9) = ЧОНО „оо 
5 gmoie E 
YEO = Lo. 20.833 > P=P,=0415 ; Xp=0.60 ; 6=21=1 ; T= 903°K 
1 + 


~ 2 g E, , 
- Е БУЕОб = 0.833 ; Fs, = 2000. КЕ & E) = 192 kg mol FgoXr 


Peat вт = БЕКЕТ LEE 1-8 RT _ СЕ EORI- AX) ED "oll X) 
PM 9 ТЕХ} [rex ТЕХ 


Ра = СВТ = Fg RT ЕвоХЕТ увоРо Х 
v EE ЕХ) 1 
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Rate expression for any X is: 


EX ПИ 
TON RET nm. 1327 ygo P, X 


TES 
6. ЕТТІ 
1 + 16.64 ТЕХ 


Feo АЕ 
Design expression for а CSTR (fluidized bed) is W = A a 
s Ezo Xel lesXe 4 16,64 +1321 Xe] 

0.025 |vgo Py (1-Ха) "Хе 1 


ІЖӨ 1664 + 327 ХЕ] 
0.025 Хе ко Po (X6 ee EXE | 


W = 7.06x10* g 
Cost = 70.6 kg x - = $777 


(b) Plug flow reacior, expression for yg o, Fsi Pe, Ру; and -rg аге the same as for the 


+ 54 


CSTR. The design equation is: 


+ 16.64 + ee ах 


-(-eX -{1+єНа[1-Х]) + 16.64Х + 132.7 (-X - In (1- Шу 


Fs, 20 
W эь оч йн le („а Хр (140 ИХ + 16,64 Хе + 13257 ІХ. 5 
0953 xe tee! «Хе -(1+e] InF1-Xg])  16.64Xg + 132.7 [Xe + In(1 хей) 
w = 19.210 gmol |  gmcarmin 
day 0.025 x 045 шо! 
[2.833.45) + 1.833 (1.45) ic сл ig. 45). 1327 dus Е 22 
| (0.85330 415) + 16.64 (0.45) - 7 (0.45 + In (1-0.45]] 24* 60min 


CDP10-G 


Given: reduction of CO with hydrogen over Ni catalyst: 


СО + 38) = CHa + НО 
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0.0183 Ри, Peo 
1+1.5 Рн, 


ашое cian 


пене given by: r= : 
Капепс gi y атп carmin 


From the above expression: 


1) The appearance of Pi; in the denominator suggest that Н, is adsorbed on the surface. 


2) The fact that CO does not appear in the denominator suggests that it reacts as а gas 
phase species. 
3) The square root dependence in the numerator suggests that H» splits. 


Therefore, suggested mechanism is: 


ki 5 И 
НА + S ~ Hes ory = ky [Pis Сз- Са 
€ — 
ка xo Med : 
“Нэ5 + 5 3 265 2 = a ы ms/K. 
-- 
| ks 
HS + со ~ CHOS -t3 = ks [Сн Peo - Сно-5/КЗ) 
== 
к. ғ ^ 3 
CHOS + HS ud CS + Н2О + S ta = Ка Ссно»5 Cres - Cos Рио СУКА! 
С Ks m ы - 
CSS + 2H; m > СВА + S -r5 = Ks (Сес. РИ, . Peu, Cs/Ks| 


Remarks made in Chapter 5 of the text suggest that reaction 3 is rate согоо пе: 


Yo x * 4 
+20 Cys = Ki Ри, Cs 


EO Cys = ҮК Curs Cs = Kr Ki Ру, Cs 
2 


5 _ .PeuPmoCs | 
RS 25 Es ҮКҮ K; i ‚РА 


4 


Pen, Pao Cs _ Ч 
Ка Ка КҮКҮ Ko РЁ | 


ka ҮКҮ Kz c. [р Рен, Рн 
өгіз) 2501-35-05 РЬ, Pea ee eee 
рд i К, K; K; K; Ка! Ks! 


Cr = Cs + Cis + Cos + Conos 


ue c Рон, РењРње | 
Cr= С 1 + Ky Py, + УК: Ко Py, + RR eL : 
| 2d КОРЕ, РК. Ks Е: | 
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Kinetic expression becomes 


1 
H 


эн Рен, Px, 
ks YRT E Ст Ph, Poo - к-к | 


пе сои родос о умы - эт 


Та Exe 

i 

РЕ + К, Р + ҮК; КА > Ph, Pontes Рсн, au но! 
K5 Ka Ks . 


Reaction is irreversible . let Ks — өв Then 


with Kj Pu, >> Үк Ко РЁ, wc ЕШ 


28 1 са TE Ke Cr PH, Pe “th Peo . This expression implies that at moderate pressures, most of the 
ТН; 


active sites are occupied by the Ну molecules. 


(а) Design for a plug flow reactor. Denote А[=] CO, B[z] Hy; then удо = 0.25, уво = 
ü : 23 Ево. = уво = | = 
0.15, Өң Fan "Yao 3, ХЕ = 0.80 
$е1+1-2-1=-1 : е=уло8= 0.5 


Fao Хе = Fen, = 2000 Вх - ЦИПО... 125 идо 


ВА = 144 uoi « 56 25 до 


649 
Design equation Е ло dX =-г dW or a = | ах 
AO 
$ 


1+ 1.5 Pg 
: С,оЁТ(-Х) yan Pa (1-Х) 
Pa = СА ВТ = 80-1-0007 „Аал В 
ЕНИ 1 +ЕХ 
Cao ВТ(6в - 3X} _ Cao RT(3 -3Х) _ 3 yao Po (1-Х) 
Ра = Са RT = 3 isha bess ah а л Бан diua 
5 8 1 ФЕХ T x 1+ ex 
үз 1/2 f „ХВ 
0.0183 Ё ло Po ХЗ удо ВА o gigs үу [удо Po (1-XIP 
ТА mu eee EEK ЭЙР i 5 sn E clics den omae 1 xi 
+15 [Удо Ро [1- 5 [ne Po (1-4) 
1+1 | inex | 1+1.5| Dx 


% | g (Уло Po {1- -X)| \ 
1 +15 |4А5^ Jj | 
сай: [ = ee ETC eee 
ü 7|Ya0 Ро a0 Po(1-X)P2| 
1: 


жЕХ 1 


m 
e 
e 
£5 
ім 
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—€— 


хр 
We кен ышы Кк са oC eee A =” ах 
Fao 0.0183 13 (yao Po}? |, X] tl- } 


41. орх 03397 (375 [1:0.25Х 25x) ax 
Fao 0.0183 УЗ yao P, P2], К ХК | жЕ 


Tte integral can be solved using Simpson's rule 


| | 11-02 xa 
Let 100 = ин + 3.75 [L0.23X]7 = |1-0.25Х "E 75| шиний 


АВ 
Then | {X) dX = AX [qo) + А50.2) + 240.4) + 480.6) + £0.8)] 


-0.2 2 172) 

x Я 21 24422333 d 12) #09 a 
рыр E TO | 4750 

0.2 | 0.8 | 0.95 111875 4974 

"ба | 0.6 | 090 | 1.500 5.250 _ 

0.6 | бар 055 | 2.125 $553. 

03 | 02] 0407” Tao ж > 21 

aR 


{XKX = 42147 150 + 21.679 + 12.860 + 34.257 + 15.500] = 5.936 


a 
або ба mm. 120 22 р, 997 8101... дау 
0.0183 ҮЗ (0.25102 829! day шої 34.50 min 
W = 2334 = 
(b) Design of a CSTR 
Design equation is W = EAE 
W e heats нээ ХЭ? + ул 4) aj 
0.0183 ҮЗ (удо ppt I-X? d 
Wg (ESSN Lis Caso HASLE] meetin 
0.0183 73 (029102 1-8 7 | 1-8 7 1 grol 


W = 1237] bmol „ £n cac * min 454 t gmol | __|дау 


да M аша! То! | 24x60 min 


W = 3900 g 


CDP10-H 
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(а) 


р E 
Runs 1.3.6.7 Runs 1,2,4 Runs 4.5 
P , i 
шиг = не, -- Ts = Ps. s = Ts ЕЛЕК ие нн 
lK, Pat 14-КСР,4 


(b Numerator: Pa and Pg 


Denominator: Pa and Pc 


Power of Denominator: 1 


(c) Proposed Rate іам: f, ж má. —— 


(d) To find the rate law parameters, rearrange the rate law so 
that it can be plotted as a line with the rate law parameters 
as the slope and intercept of the line. 


P Pa = Kap ES Кор, + 1 
ТҰ kok 


First, hold Pc constant and plot Lu vs. Dx. 
“Ts 
From the plot 


Slope = Эр 25.2, y= Intercept = Pus ган 


= 3.59 
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Parameter Evaluation with Parameter Evaluation with 
Po=constant=2 atm 


120 RR 


Pasconstant=1 atm 


= a 
= К? 
и 
Код = 1 507500809" = 5.5750006-4 
ЯЛЛ «9 99995151 
ea a eee 
о 1 2 3 а 5 6 7 8 9 10 
Pc 
ip PSP. 
Second, hold Ра constant and plot -A-5 vs. P. 
-—" 
"S. 


А. 14-К,Р 
~ = 1.6025, y- Intercept = LEK Pa, = 5.575 


Using the four equations above to solve for К, Ка, and Kc, 
we get: 


k22.60——————, К, =13.52 ат", Ко = 41665 an” 
асар, 5с • aun” d 


(e) A and C are adsorbed on the surface of the catalyst. 
(В Proposed Mechanism: 

AS с AS 

А•5+В=>В+С+5 

С.5 => С+ 5 
The irreversible reaction step was assumed to be the limiting 
step. We check this mechanism and rate limiting step by 
rearranging and combining the rate laws for each step. If the 


mechanism is correct, we will obtain the rate law proposed in 
part c. 
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| be. ae 
К; is much smaller than ka and ke, therefore, —-= = -- = () 
A с 


бе =K,P,C, and С-;- Ica = KCPCC,, where Кс Es 


Кс Ke 
Also, С; = C, +С, + Ces 
ЭРЭР 5 Ср 
After substitution, С, = 
1+K, АРА +K,P. Pe 


Next, substitute the above equations into the reactions step to get 


u КР,Р Ра _ 
| + к, Ел SK P. 


= 


Because this is the same as the rate law in part c, the rate law and 


limiting step assumptions have been verified. 


(6) Ratio of sites of A to sites of B at 80% conversion: 


Сіз ҚАРАСУ Қ.Р,(- X). (13.52)(0.20) 


: 2.81 
Co, КоС, KPa X (4.1665)(0.80) 


Conversion at which the number of sites of A equal the number 


of sites of C: 


Сү, К.Х) _ (13.52 1-Х) _ 
22 К.Х (41665(Х) 


CDP10-I 
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a) To determine the mechanism and rate-limiting step we must come up with the 
rate law. Looking at the rate dependence of A we see that between runs 1 and 
2, Paincreases from 1 to 1000 atm while the rate law only increases from 1 to 
1.5. This tells us that as A gets larger it changes the rate law a good deal less. 
This tells us that A is both in the numerator and the denominator. 


Looking at the rate dependence of B we see that between runs 1 and 3, Рв 
increases from 1 to 4.5, This telis us that the rate law is directly related to B. 


Looking at the rate dependence of C we see that between runs 7 and 9 Pc 
increases from 0 to 4 atm and the rate increases from 4.5 to 4.8. Also in these 
runs we see that P4 increases from 1 to 4 atm. So one of two things is true either 
Pc is both in the numerator and denominator or just in the denominator. Since C 
is a product it will not be in the numerator in an irreversible reaction. 


, Ф 


КАСЕ 
So те rate law becomes 


р иг ee ER 
th ДЕА + К 
With that rate law the following mechanism exists: 
Adsorption 
AtS AS 


Surface reaction 
А S+Bg)-9C-S 


Dissociation 
C-§-9C+5 
The surface reaction is the rate-limiting step. 
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ЕЕЕ СЕЯЎ 


b) In evaluating the parameters we can also see if our rate law is a good one. 


Plugging into POLYMATH we can come up with the parameters. 


4.820 eye o Regression 
гатежј0“ nata 


Пса сдаю 


i 
H 
value 
| 
| 
| 


— € 


$ 


|| 
| | | | 
2.400 | || | | 
; | | | | | | 
1.600 -+ i } 
0.200 — ees A mi "iere B 1 er а UM — 
1 2 3 4 5 5 ? 


Model: уасеаихбаяӨбюг( 1» камхбаеКсжӨбс» 

к = 0.000448982 Kc s 0,8 

Ka = 2,99989 

4 positive residuals, 4 negative residuals. Sum af squares = 5.26309e"15 


We find that the rate law is a good one. k = 0.00045 
Ka=3 
Ке = 5 


с) The best places to add points would be where Pc is changed, but P4 and Pg are 
not changed, 


d) No solution will be given. 


CDP10-J 
2C; Hs ОН У C2 Hs OC; Hs + ЊО | 


(A) (Е) (Ww) 
Aes QUAS тү = ki [Pa Cs - Ca.s/Ky] 
AS ASS eX ES + WS га = Ко [Chis - Ces Cw-s/ Ka] 
аса 


At steady state r= - prs шә perp m = 214 = 2ra 


If surface reaction is controlling, 
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== 


D= 0 =» Cas = Ki РА Cs 


= Ces = FESS 

к? Е; 

Ia ~ РУС 

Е-ге) Cyne má MS. 

ka WS Ka г 5 p 1 


‚РЕ Ру 


p + нна 


Ка КАЈ 


where К = 2k; C$ К 
Ка = Ki K; K3 Ка 


Using points 9 and 13,Ре=0 , Pw=0 


À plot of Y i 5. By produces a straight line with slope ү È and intercept Ki 


slope = Yt ав х k= 0.0409 
intercept = Kt = 85.59 х Ky=1731 
Yk 
Using point 10, P = 0 “ Ка = 0.0399 
Check 


Using point 11, Pg =0 => Ky = 0.0368, close enough 
Using point 6, Ру = 0 => Кз = 0.659 
Finally, using point 12 => Kea = 0.0975 


1+ 17.31 Pa + 1.517 РЕ + 25.05 PF 
Note: Keg may aiso be calculated using RT In Кы = -AG^. Interested readers are 


encouraged to check the goodness of fit of this rare law with the data. 
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CDP10-K 


CDP10-L 
Rate law: 
-Т АС E kCcoCAcCNa ЫН 
(1+ KacCac) 
Proposed Mechanism: 


Pd+ со Pd-CO 


Pd-CO +NaOH Ра: CO. NaOH 


AC + Pd -> AC- Pd 
AC- Pd + Pd- CO- NaOH =--> C4H4COOH + NaCl +2Pd 


Neither of the first two reactions can be limiting because they are reversible. 
The rate step must be irreversible because there is no subtraction function in 
the numerator. 


We M first try the third equation as the rate-limiting step: 


=kC Pac 
Then 


ы] ~ ~ "ч ғ. 
с; = С, + Craco 12 Сюа.со»маон + C racc 


Find equations for Cy, co, Cos co aso, and Со ас 


laco. = 0 


Сра со “С.СсоКсо 
k 
ACO 


ТАСОЛВОН = 0) 


k Срасо-маон = КсоКмонСуСкаонСсо 
NaOH : 
ТАС _ ^ и 
po =0 Срадс =0 
АС 


Combine to find C, 
17 С, Cee ap 
Шш coKco + Rook nont SO NAH 


This is definitely not what is supposed to be on the bottom of the rate law so 
reaction 3 can not be rate-limiting. 


Trying reaction 4: 


Г; = К.С ране Сра«сомаон 
Craac cannot be found so therefore this rate law is also not rate- limiting so 
none of the mechanisms reactions agree with the rate law. 
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CDP10-M 


a) Start with a mole balance: 


dX (cn 
dW Fo 


Rate law comes next: 
Os ен» 
-r = KG 


Then the decay law: 


НЕ У 
dt | 
Ww 
f ДЕП зөөөөөтб 
U, 
da | ks 


аи 0; 
We then come up with the equation for the profit: 


P —160* (E) - 10* (U,) 
Where : 
Е, = Fyy a 


Then plug into POLYMATH and get the following program. The feed rate of 
solids that gives a maximum profit is 4 kg/min. 


Equations: Initial value 
д(а) /d{w) =-kd/Us 1 
d(x} /d(w)=-ra/fao 0 
faosi 
kd=2 
Us= 
krzl 
та=-ку*а aximum value Minimum value Ё 
fbsfao*x 1 
P-160*fb-10*Us 23 ЭР 
75 2 9.75 
ЫГ а 0, ЫГ: "E ` 1 
2 2 
4 4 
і 1 
2% 5 ыг -2.5 
Н 18 б 2.75 
Р 40 80 
b) As seen above: X = 073 апаа =.5 
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с) The only equation that changes is the rate law: 


ал 99 
7 
2 
: initial val 

Equations: іпісізі Va-ue 

d(x)/d(w)e-ra/£ao 0 

kr=5 

Фао=1 

kdz2 

Џа=.8 

маха 1. 

fbsifi(x«l)then(fao*x)eise(i) 

ачі (kd/Us* (wmax-w)<1) then (1-kd/Us* (wmax-w} }else (0) 

P-150*fb-10*Us 

ras-a*kr 

є. = 0 We Variable Initial value Maximum value Minimum value 8 

9 5 fal > 8 A 2 

2 » l -8.248a-18 i 
xr 5 i 5 5 
fao 2 H В 5 
kd 2 2 3 3 
Us 2.3 0.8 20.8 5.8 
winax і 1 1 : 
52 0 1 -8.23458-18 1 
а 8 1 е 4 
я Эй 142 8 142 
ха -0 -0 ғ .5 


We find U = 0.8 to maximize the profit. X = | and a = 0 exiting the reactor. 


CDP10-N 
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Ак 


(a) 


ЖЕР | oy, БааХ КЕСЕ елеу \ M 
Design Equation: W =-= даг. => ait) 2-0 AeA | For n order kinetics. 
СТА јак) № х КСА 2 


Assume att= 0, а(0} = | and X =]. 


= F,(0)=F,,X=F,,=106 = Е 


ET 


z106 
Now 


Fs (t) = Fa, X(t) = RON(t) 


X(t) = 06 - 


1 с? 
РА 2 / А ЕС А 


I DES 
252) < 
TA © 2 
Plot of Lv == VS, E Е 
C ло хо о ! 
E 
0 5 
$ —  — с] 
9 100 200 300 i00 500 
t (h) 
From the graph: intercept = 1/k = 0.0835 = k=11.98 
slope = Ка /k = 0.003 => ky = 0.00025 
(b) Activation Energies both for rate constant and decay constant can be estimated from the 
temperature-time trajectory. 
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Given А—Е+5 
Batch constant volume reactor, P increases with time 


Nag dX = аг, Wdt 


Assume а = өш 
г, = KP, 
^ PASCART 


„ Мао (1-Х) Ма) 202. 
Cas TRE] А) с сад 


^ Nao dX = We k Cao (1-Х) RT d 


x 4 t 
| WW GRE [се deer | est 
1- Nao 
9 ° 


2 яд Жас SX ` 
ЈЕ dt where 8 сл цан 


Аа(1-Х)-4-(1-в:58) 


Assume that there is very little deactivation in the first 10 sec 


-in (1-Х) = 8 < (05) = Ве (for small t) 


б = Lal Lj. = Ела = 3.77 x 10? sec 


alians) 
1-X! 10 \1-0.037 


В-( кат = k= еды НОНЕ гох o LU 


S et 1x 0.08205 x (2734420) 


К = 6.63 x 105 есі 
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At trelatively large, eo = 0 
| қ 
— йд = Be 
In (1-X) 


3 
__ 2 3. 37 x x10" — 818 x 103 sect 
w 


1-Х inf 4 57 
. Ла (1-Х) = 0.728 (1-е-5-18х10°%) 


jJusnfied. 
CDP10-P 
n- pentane 
cyclopentane < 
coke 


ам , : 
Batch mole balance: OU = =r 47 = EC W 


dt 
ВО 
Е d хе ? CH 


тол Кач C, = k,a?, with C, constant 


Assumeq=2 : а= lL 
ЭЛ: 
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2. The assum ption ‹ of a first order reaction kinetics and a first order decay kinetics is 


0,721 0.333 


0.415 


From the above graph, all lines are straight lines. Therefore, q = 2 is a good assumption. 
We need to ехапице the data to see which value of n having AY «constant п = Üandn-2 
: jus At 
will have similar behavior of 2% because: 
At е 


х.1. 
X X 


= 1 * Ay = THEN: MENO = 5 
n y ДЬЭ! and At = 20 min 


A = 0.094 ; 0.087 ; 0.087; 0.084; ....; 0.081; ..; 0.0797 


г Ay . ~ Р 
Therefore, — is decreasing gradually. It is not a constant. 
ы 
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| 
i 
| 
| 
i 


T4 
Рог п = 0, 0=2: $X = 4x 103 = constant 


AL А 


_| 17х0з | 5 | зт | a 


| LE 2 


n-2: Slope is negative. It is unreasonable 
n=O: va vs. t is a straight line. 


The reaction is zero-order: -ra = kaa 
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еа Ф (1-Х) duax 


Р” <> dudX 
404 


Cao = 0.03 сі 
mi 
W = 0.01 kg/m} 


25 kg 
0.03 Snel |в ха) 
| а ..m3! „ 29 KS 


CaoW д. a = mi 
Fao 15x10 &mol/min (m3? 


0 
ма mee Stat ———— 


(b) The order of decay is q=2 


k , Р) 
9 =4х 103 => k,3x 103 min! 
КА 


(c) Moving bed reactor: Fao = ыш : Х=0.80 


-Beka 
Fao IX sram kaa 
In moving bed : cx X. where uz TASS. 
time 
ёс-1 aw 
u 


sch ati | „а а 
Ѕибѕціше into equation (1): dw ^u а 
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Substitute ши 


CDP10-Q 
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a) Mole balance: 


dX паса 
dw Го 
` Rate law: 


m= ~kC,C, 


Decay law: 
da ke 
d W U, 5 
Stoichiometry: 


C, = Call- X) 
C, = Caola X) 


Evaluate the parameters: 


_ Сю. „001 


9 p = = =0,1 
Gr i 
(Equations. . | | Initial.value 
sd(x)/diw)sa*(-ra)/fao | 0 See 
га (а) /d(w) » -kd*cb/U У 


1.000 ~ 
ЖЕУІ. MÀ 
n EM 
5 о.еба 24. M. 
ca M. 


sse ~, 


Qu А 
сао=. 1 0.400 i. P 


thetas.1 1 
сачсао%і1-х) дада d. 


*ebrcao*(thetaex) : 
ras-k*ca*cb огоо + 
9 y | Е ғ 24 СО. RR 
2.280 
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b) The only change is in the stoichiometry: 


C, = Coll- X) —- оу 
y= Сы, + Хуан)" 


POLYMATH 
Equations: Initial value 
d(x} /d(w) =a* (-ra) / fao [n 
d(a)/diw)z-ká*cb/U 1 
kdz6 
fao=20 99 pl 
ын ЭН” Жа. == 
к=з50 E MEL. ~ 
caox,1 ЕРЕ | и 
thetaz.i 
а1р=.038 осе ~ 
cascao*(l-x)*(l-alp*w)^.5 


cbzcao* (theta+x) * (1-alp*w)^0.5 
ка=-К*са*ср 


We = 24 


——————————————————————————— 


CDP10-R 


Cumene -» Propylene + Benzene 
(A) (К) (5) 


(a) We find a relationship between a and Ca 


„Блох Fr. СЕ 
- хү Fg (W ын 15} 


W 
Еџп 1: Pas i апп 
t 0. 60 120 180 
a 1 0.75 0.594 0.491 
СА 0 0,01 0.018 0.0243 
Run 2: РА = 0.4 апп 


t 0 100 200 300 400 
а 1 0.833 0733 0.65 0.583 
сі 0 0.0057 0.0106 0.0148 0.0184 
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Plot of па vs. СА gives a straight line passing through the origin with slope с. 


аш e-aCA 


. €-289 


то = 8 Қаға EU (single site adsorbed, surface reaction controlling) 


I initial rate are used, Ра = Ps = 0 and 1 >> KP, (adsorption is small at high temperature), then 
Io = К КАРА. 


Using data at time zero from runs 1 and 2: к, КА = 3.2x10°3 


Hence, overall apparent rate law is 
r=k,KaetCsPa ; К, Ка 932x107 
а = 28,9 
(b) rary 


da = -ka amf (Pa, Рр, Рс) = -ka а" РА 
Try m = -2 
Since РА is almost constant, during runs 1 and 2 (low conversion) 
gel ek PI 
Runi: КРУ = 5.767 x 103 
Run 2: kg PA = 1.769 x 10? 
Ра = 1 шп 1 => Ка = 5.767 x 103 


РА =0.4inrun2 => n= 1.29 


Ка = 5.767х 10 > 
n= 1.29 


tin minutes 
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(c) Overall conversion = 0.60 


|| [2.8 molsec cumene | 
(4-2 mol/see propene » 2. = 11.2 mal sec 
fe ote ep oe eal 4.2 mollsec benzene 
| | Cumene --> Ргорепе + Benzene 


(А) (R) (5) 


|_______| i "бон a= 10 mate 


3 molisec А 


Сошрочпоп at reactor outlet 


cumens = 7 mol/sec 


Composition at reactor inlet, Fo = 7 + 3 = 10 mol/sec 


Fao = 7 + 3(0.25) = 7.75 YA = 0.775 
Ево = 3(0.375) = 1.125 => ув = 0.1125 
Fso = 30.375) = 1.123 ys = 0.1125 


Let Xp = conversion per pass 
Total flow at reactor outlet before the recycle stream is: 
Fao(1-Xi + 2 Едохе + Fro + Fso = Бао 1+Х + Еко + Esg 


4 Fag (1-Х) эс шон 
2). УА ee ea Деде = 2 =) 42 
ЭР Fao(ltXi) ж Бар + Fs Š Ki № 


Atany point along the reactor: 


К 
Вьк 
Ево + Бал Бай 0 29 
when | = uL xs 6 АН. шш US zu 1 2 
AO i 


Assume that rate law in (b) is still good for the moving bed operation (may not be true in 


practice because of the high conversion) 


| k, КАР, 
yea К, Ka Py wets ATA 


1 teka Pht 


ғ 
Moving bed reactor: t= 


5 
Fig dX = та W 
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TEM у : 
1 + КаРа is 4 
КЕГЕН! 508. Fao ка БХ ын Е 
ах ^ А i а Р 2 2 
і К, КАРА | k, Ka Us k, Ka 


-715х5.767х103 (1292) w , 115 (129) 
32x103x2000 ‘ 1-Х 32x103' LX 


= 3 (1,29+% 29 129-Х 
6.98 х 103 (L22*X Р w + 2421 (129+) 
With X=0 , W=0 


If X = 0.542 , using digital computer W = 3.1 kg 


CDP10-S 
a) Mole balance: 
dw Fio 
rate law; 
ыг тт KC, 
Stoichiometry: 
C, = Соб - X)Y(1— aw)” 
Decay law: 
аа К, 
зен ене ее ES eme (2 
аж 0, 
Evaluate the parameters: 


h 


> í 05 
— = (1+ 1000)" 
30 | 
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POLYMATH 


Equations: initial value 
d(x)/G(w)z-ra*a/fao 0 
4(а) /4(м) =-ка*а T 
kdz.023 
faoz4 variable initial value Maximum value Minimum value Final value 
шй $ value Minimum value 11081 value 
“ 2 100 0 100 
Ке.09 х 2 0.757151 0 0.757161 
саа=2 а 3 3 0 299259 0.199259 
а2р=.0099 ка 2.033 0.033 0.023 6 023 
" P fao 4 4 4 
cascao*(i-x)*(l-alp*w)^.5 : í 
к 9.99 0.09 0.09 0.08 
Ј о PI 
ras-k*ca cao 2 2 2 2 
Wo 7 9, We = 100 alp 2.9093 0.6095 0 9099 0.0099 
са 2 2 0.0485578 2.0485878 
га “2.18 -0 0043711 24.18 -0 0042711 
b) POLYMATH ры ot 
x 2.945 1 “ i 
n p di 
LET -- Pd 
| / 
f 
22.508 "o 35 con acce ЕНЕ 2: 
м 


CDP10-T 
ах 5 
Design Equation: — F,,-—— —a(WX-r 
esign Equatior ANI ( X A 
Rate Law : „те ИСА 
Decay Law : (for sintering) a(w)- шинэ 


Stoichiometry : Тет. = C=C й-Х) 


" 1 E 
Combine : ЕЗШЕ ИЕ. 1-Х) => dx E. — 5 
ау 144 Wu 1-Х v l+ Ё 


From the problem statement, авс, гэ 


Plugging in 100 kg for W, we can solve for --=-. 
5 


и 
U, 


i \ (010) 1 
In| m une (6:02 100 = 1.232. = = 
ite 8250043 ое ами 
X = 0.708 
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CDP10-U 


The heat of activation is given in the problem as a function of the carbon 
number so we can just graph that: 


amet: 2 н 
Heat of adsorption vs carbon | 
number | 

= 90 


о ~ 
оо 


894 


-(Heat of adsorptio 
оо > 
oa о 


E 
о о 


| Carbon number 


To graph the activation energy we need to find its equation. It is the 
Arrhenius equation. 


к = Ae E/RT 


Solving for E we get: 
(к 

Ez-RTIn| 3 
ТА 


We know that as the temperature increases when n < 15, the rate increases so 
k still gets larger with greater temperature so E is still positive. When the 
temperature increases when n > 15, the rate decreases so k decreases making E 
negative. So we can come up with some equation with the above equation 
that fits this criteria and we can come up with the following graph. 


Activation energy vs carbon 
number 


6 орви стен» з о преци рана арт итийде мате ата и а иная өвөл меен попа ет мө әннен менмен тен сән еменнен, 


> 
E 
ь 
m 
c 
9 
с 
o 
5 
© 
> 
5 
ч 
——^^— mere nr ыы шш. - 
20 зе 
Carbon number 


The reason for this unusual temperature dependence is due to the fact that 
the higher the carbon number the less it wants to add another carbon 
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CDP10-V 


(a) а = 0 at the end of the reactor: 


__да Ер 
ЧУ U, 
5 ks * 
|-аа- i2 [aw => 1-а= 20.3 
1 50 2 
(0.25 
ка, ја рә = 0. =lkg/s 
5 


(b) For Us = 0.5 kg/s: 


; а а м (oa kg? ју 
U, 0.5 Кеј 


C catalyst Activity v vs. C bna dn Weight 


W (kg) 


When а = 0, the catalyst is inactive. In theory а can be negative, but in reality, once the 
catalyst is inactive there can be no further decrease in activity. 


(c) For a catalyst feed rate of Us = 0.5 kg/s: 


Моје Balance: Е, e заг, 
Ao dw ( А 
Rate Law : “Ті =kC,C, 


да ky 02 87 
tee ER эсийн -04kg! = -1-04W 
dw U; 705 kg/s й 
Stoichiometry:  (AssumeT = T,, P = P,,andv=v,) 
Ca =C =C SX) 


Decay Law: 


Combine : 


BSc олмес (1 - xy | 


а | dX m Ko w IW = | e X w- w? 
Ket = xy OU ксі, Jü- X) 20, 
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( т X) E, 
From part (b) we know that the maximum catalyst weight (the point where a = 0)is 2.5 kg 


-2 = 
XC E н = EIN хү? 


We will find the conversion at this point : 


x _ богу. 09,47. 
pga ER as СИЕ 
X202 


(d) To achieve 40% conversion: 


(X) ELT 20, 
Га 
049 2035-0241 ~ 0.667 21-22. 
(0.40) 2U, 22 
U; = 7.5kg/s 
(e) 
X cn " -— 
Farisen хээл Шатты e лш Ww) 
s @-х) “| 2) | шог 


ые = (02)% = (0.205)=1 = Х=0.50 


CDP10-W 
тегі : dX n 
Design Equation: №, а aw 
Rate Law : - = ЁС: 
Decay Law : - = = Кр = 0.05 


faa = -005| => 4-1-005 
1: 0 


From this we can see that the maximum reaction time is 20 min. We will find the conversion at this point 


Stoichiometry : (Assume constant volume) 


ч ж Be (1. 


Combine: оон 5 (1--0.05tX1 " X 
ombine AUT iN. ES ( X y 
ах К ЦАР E К WN y К 
ет ее. (J OSEA аә ---т- 2. (t - 0.0251 
_ ©. 2 2 
20 - 0.02520) p= 1 
X = 0.50 
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CDP10-X 


a) Mole balances: 


dE, dF. 
— СТА ре ж Ty. 
dw ауу 


rate laws: 


= = акс, | -эрэа( йС,-8С,) 1 =ak,C, 


stoichiometry: 


Evaluate the parameters: 


: ` 

k, =0.02* 2 10000 (> = a 
„1,987 \ 400 Т, 

k, =0.01*ехр EE г : 23 
Ў 1.987 (400 ТЈ 
ko = 008+ exe 18000 1 3 
.1.987 (400 Т, 


Plugging all of this into POLYMATH we can change values of Us, Т, and v, (Р) 

that will give us the most of product B. | 
We find that at a temperature of 396K, a solids velocity of 10kg/s and a gas volumetric velocity of 
0 633 dm’/s that corresponds to а partial pressure of 51 3 atm we can the maximum yield for В. 


Eguations: 
& (Ба} гаи} =ха 
d(fb)/d(w)srb 


alic) /d iw) sre variable E E 
à(a) /diw) =ка*а/ це - : : 2 
115::190 fb 2 2. 2 
Те398 ЦЭ 2 0.471 9 
а1ра98.86-3 a H 1.93702 1 1. 
| 05 16 10 39 16 
(eeu) T 395 396 356 398 
Кӛш, 08*exp(15000/1.387*(1/400-1/T)) alp 9.9098 0.0538 0. 0098 0.0058 
k2z.01*exp(20000/1.987*(1/400-1/T)) vo 2.533 0.633 0.633 2.633 
k1s.02*exp(10000/1.987*(1/400-1/7)) ке 0.0661149 0.0651249 9.0661149 6.0681148 
АРАМ k2 0.00775554 9.00775554 0.00775554 0.00775554 
DAHER реа Пека xi 9.0176132 0.0178131 0.0276131 $. 0115131 
cb=fb* (1-21p*w)^.5/vo ва 1 $7978 1.57918 0.0181846 9.0181845 
хаш-а%Қ1ізса ch 9 0.63242 o 0.0395845 
rcsa*k2*cb са -9.0238243 -0.000820403 -0.0276245 :2.000620403 
, 2: uri кє 0 0.00541356 0 142502 
rbz-a*(k2*cb-Kl*ca) zb 0 .0278248 0. 9278248 -0.90217423 -0 30087852: 


b) Using the same program we can find what it takes to get the most of C possible. 
We find that at T = 396K, U, = 10, and v, = .03 we can get 1mol C/s. Paa = 
1082.4 atm. 


Уахљавје initial value Maximum value Minimum value Final value 
“ 0 200 0 100 

Ға 2 i 1.025286-23 1.02529e-23 
ғо 2 0.524487 с 1.35042е-20 
Ес 0 3 0 X 

a 2 1.93792 1 2.93792 

Us 29 19 10 19 

T 398 396 395 396 

alp 0.0098 0.9098 9.0098 0.0098 

vo 0.93 6.63 0.03 2.03 

ка 0.0551149 0.0661149 0.0661149 9.0861145 
k2 0.00775554 0.00775554 0.00775554 0.09775554 
кї 9.0176131 9.0176131 0.0178131 9 0126131. 
са 33.3333 33.3333 1.83798e-23 4.83793е-23 
cb 9 17.2696 9 6.36535е-20 
ха -0.587104 -1.65057e-24  -0.587104 -1 55057е-24 
rc a 0.13615 9 8 584332е-22 
хо 0.587104 0.587104 -0.0718782 -9.38332»-22 


с) To get the Time-Temperature trajectory we can use the following equation to 
create it: 


EN. 2| bu ) 
PRT” 400 


k, (E, /E,) 


This will give us the following graph: 


Temperature-Time 
Trajectory 
Ё 
2 
Е 
8. 
е dra 
a 
E 
5 10 
Time (s) 


4) For this we just add an energy balance. We have to assume a heat capacity of the 
catalyst since none is given. Here it is assumed to be 100 J/kgcat 


ат _ (a AH a) t (rg AA a) 


а” C U; tC (E, + Fy + Fe) 
Plugging this into the POLYMATH gives the following program. 


We find that the temperature is 388K, U, = 10 kg/s and v, = 0.51 ату. Р,ош 
62.4 atm. 
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Equations: 
d(£a) /d(wi=ra 


d(£b}/d(w)=rb 0 
4(8Ёс) ам! exc 9 
(а) /а (и) =ка "а / Ја 1 
A(T) /alw) = (тах (-16090) +rb* (-32000) )/ icp" (Us+fa+ftbric) у 388 
kdz.08*exp(15000/1.987*(1/400-1/T)) Variable initial value Maximum value Minimum value 
Us=10 Ў 5 190 : 8 
ža H H 2.273516 9.173526 
ср=100 fb с 0.511158 2 0.611158 
К2=.01*ехр(20000/1.987* (L/400-1/7) ) £c G 0.215328 о 0.215328 
Кіч.02хехр(10000/1.987% (3/400-1/Т)) а i 1.40401 H 1.40401 
Blp-9.8e-3 T 388 388 381.464 382.242 
kd 00448269 0 0446269 ©. 9319753 2.0332926 
vor. $1 Us 16 10 10 19 
Cazfa*(l-alp*w)^.S/vo ср 159 106 190 202 
Sbsfb*(1l-alp*w)^.S/vo к2 500459207 9.09459207 0.00294419 0. 20310877 
ras-a*kl*ca ki 0.013553 9 012553 00108521 0.0111417 
. aip 9.6098 9.0998 9.0058 0.0098 
Fesatk2*cb vo 9.31 3 5i 2.51 0.51 
Tbs-a*(K2'cb-kl*ca) са 1.96578 1.96078 2.9482154 0.0481154 
wa m 9, "e ш 100 eb 2 0.783915 2 0.169472 
та -0.2265744 76.000753078 -0 2265144 -0.000753078 
ze 2 0.90272258 a 0.902739224 
zb 0.0255744 0.0265744 1.185:6е-05 у 38315-55 
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Solutions for Chapter 11 - External Diffusion Effects on 
Heterogeneous Reactions 


P11-1 Individualized solution 


P11-2 (a) 


2-0, у-ум 


7-4, у=0 


а 
Wa =cDap~3 A+ ya(Wa + Ув) 
Ws =-2Wa 


~ cDaz _СРав dy, _ =D; вањ 74) 
(1--уд) dz dz 
к with ya =O at 2= 0 


W, = AB (1 +y л) (1) 

[s z) 
atz=0 ул =удо 

ср 
Wa = a (l+ yao) (2) 
Taking the ratio of Equation (1) to Equation (2) to eliminate WA and solving for уд 

6-2 6 
1-2/6 

YA =1- (1+ yao) $ 
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P11-2 (b) 
(gp T,=300K Т,-350К 


2/3 /6 1/2 1/2 
Ко = [Баш ЕЗ (ш Ёз (11-70) 
ka Ав, 92) (01) Үр 


As a first approximation assume 
Dasz _ M 
Рава № 


then 
5/6 12 12 
Ка (9 ар)) (ІЛ 
At T, = 300K py = 0.883сР 
At T2 = 350K ир = 0.380cP 


Assume density doesn’t change that much, v = 


о [= 


Еу, 


9, fe, 
U, 1 8, _1 
U, 2 | d»; 2 
k, 2 4.61x10 5 m/s 
1 1/2 1 1/2 
k, = 4.61х10 m/s [2.32 |^ H H 
=4.65x10° m/s 
W, = ши =К„Сь = (4.6110 т/8)(10 тот?) 


—/ = 0.00465 mol] n? [5 
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P11-2 (c) 
(h) A 50-50 mixture of hydrazine and helium would only affect the kinematic viscosity to a small extent. 
Consequently the complete conversion would be achieved. Increase diameter by a factor of 5 


d y2 1172 
Ко = «(d = 229 
2 


-1-ехр(-4.6) 


Х-1-0.01-0.99 
again virtually complete conversion. 


P11-2 (d) 


Liquid phase : e.g, water Haa EEE 1000 хоо = 3000 


u 10e -3 


See margin notes on page 786 and 787 for solution. 


P11-2 (e) 

эз qox 11 pa i d 

v T т 713 873 
ше 059 = 0.55 

Assume 


2/3 V6 4/6 y6 5/6 
55225, 
ka Ра V, 45 4 4 


2. = (0.55)*° =0.91 


Uk. 

——- =(1.059)(0.91) = 0.96 
1 

1 = =1. 

йл (0.96)(2) =1.92 


2 


X,-1-e19?? =0.85 
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P11-2 (f) 


Сао 


б 


Assume concentration in blood is negligible (С A2 =0 at 85). Assume quasi steady state 


асл) 
аі 
W,- Рајс, т С 


=-W,A, 


Рн Р авг 
R GR S| fyi 
Din Рав 
Flow into the blood 
C 
Е, = РА mol/time , В = [time 
an = zB mol [time] 


If Cpa = constant = Срдо 


C 
Fas = | 


———A 


Ев 


t 
If Cap varies 
4Сь _—1 Cra 
dt V R 
ш Coe Ё. 
С, VR 
С; = Ci е 
C : : | 
Ев = E 5, and б; are given in the side note. 
Fp 
t 
P11-3 
Mol balance on oxygen : Fo, - О +оо = 0 constant liquid composition. 
Боз = Соз. Хо and ro =- k Со" where n is the reaction order. 


Рл, 


Assuming ideal gas law applies : Роз = TY where 0, = oxygen uptake rate mL/hr 


P х : 
Assuming that RT =constant,C Бу correction of v, to some reference, 


then Fo; = C. v, 


Assuming Henry's law applies (low pressures) Co; = Н.Рог 


where Н is Henry's constant and Роз is the oxygen partial pressure 


ny MM 


Substituting into the moi balance: Бо = - ros 


С.о. = К Со = к(Н Ро) 


In 9, = а ла Роз кіп хг 
с 


A plot of In v, vs In Рог will give n as the gradient. 


As the system pressure, P, given in the data is absolute : Р=Р, + Ро, 


if in the reactor, the xylene is at boiling point and dissolved oxygen and 
oxidized xylene are at low levels, then P, = 1 atm (open to the atmosphere) 


In order to deduce the correct kinetics of the oxidation it is necessary to find the partial 
oxygen pressures for the conditions where the rate is limited only by the reaction 
kinetics and not by diffusional mass transfer. 


Plot of stirrer speed, W, vs oxygen uptake rate, v, , for each run will show the 
conditions at which diffusion is negligible. 


250 нк ettet eene tci tic i а mA илл 


It can be seen that at stirrer 
speeds above 1200 rpm that 
OUR is insensiive to W and 
hence the reactor is well mixed 
Le. по Шала diffusional | 
limitations. | 


OUR, mUhr 


OUR: Oxygen Uptake Rate 


Hence using the system pressure data at 1600 rpm for the plot of In о, vs In Po: will 
give n uninfluenced by diffusion. 


Ро: =Р-Р;=Р- | 


——————— 


g 
z y = 0.9992x + 4.6422 
+2 -1.5 3 5 9 0.5 1 
LN(PO2) 


The gradient, n = .999 = 1, so the rate law is: || 


-po 
=» К.Со, 


P11-4 


Diffusion in adjacent skin layers 


Skin taver interface 
Pyu 
Ра 


Ра» = 101 kPa Outer layer Inner layer 
Py. = О kPa Strotum Epidermis 
corneum 


—————————————————— MP — dl 


Assuming dilute solution and constant total concentration in both layers gives: 


dc У | 
om 0 ёс = К, Cas Kiz4 Ka 


for each diffusing component in each layer. 


Мі: Ошегізуег: boundary conditions z 0, СА = Cio 
z= $, E Ca = Са 


и о“ 
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Ру: = 0 kPa 
Pue = 81 kPa 


& = 0.01 ст 


Profile Ca = Cio ~ (Cio — См). = 
5 1 


Inner layer: boundary conditions zzi, Ca = См 
z= & 5 СА =0 


Profile 


Total partial pressure profiles 


Outer skin layer : Pat Ра = Рао ~ (Рао ~ Ра) = = -+ Pare 2 
Ї 


= 1010 - (1010 — 1008)... +10-—®—- 
0002 196002 


= 1010 -- 1000. 2 + 5000. 2 


= 1010 + 4000. z 
Inner skin layer ; 


"m 2. |+810- (810 ~ ic | = 
601-600 0.01 - 0.002 


= 810 + 126000(0.01 ~ 2) ~ 100000(0.01 -- z) 


= 810 + 26000(0.01 -- 2) 


ourerlaver = innerlayer 
Pat Pa = Ра Pe 


Check : At interface (7 = 0.002 cm): 


1010 + 4000.5 = 810 + 26000(0.01 ~ z) 


1018 = 1018 correct! 


Plot these two profiles across the skin from z= 010 z = 001 ст 


He: Innerlayer: boundary conditons z=6, , Cg = Сы 
- z= 6, , Са = Cao 


ма ОЕ лы Са ы 
82-8: \ беба Л 
Sanz 
Profile Св = Сво-(Сао- cal 2 52) 
6:--6і 


Outer layer: boundary conditons 206), Св = Сы 
2ш0,Саш0 


- 


Cat 
K3z0 K =— 
TS Bl 
Profile Св = Св. (=) 
ĝi 


Total concentration profiles : 


Outer skin layer: — Ci Ca = Cao — (Cao — См). = + Си E 
H 


Inner skin layer : 


Evaluation of См and Са: 


Мі: Outerlayer: Wai = A [Co ~ Cu] 
1 
Inner layer : Waz = Cw -0| 
12-01 


Assume that flux in inner layer = flux in outer layer i.e. Wai = Waz 


“БОЛ = [Cao — См] "D сеш [Cu -0] 
5. 55 
: 1 
Ws) Diss = Cro 


Conversion of kPa to kg/cm*s? 
101kPa-101000Pa-101000kg/ms?--1 Ol0kg/cms? 2. 1kPa=1 Okg/cms? 


——— 


75 g-a] | 0002 0008. 


Эне, 
He: Outer layer: We = 2 [Саг - 0] 
о: 


Laner layer : Ws = oeiee [Cao ~ Са] 


exile ede E 57 ——— о 


$ interface 


M 


4 
——————ÀÁ——————— M не нн ны! 


9 0002 0.004 0,006 0.008 0.01 
z (cm) 


шиитов рено идните памет ады 


VL 
Wa. "Da cR | == Сво 


81х10 Н 1 
——9 ры =5х10е-2 ke іст 


Wa 
Dr ite 
бі 6.002 


= LOkg /om.s* 


Ра =. 
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The maximum sum of partial pressures occurs at the skin layer interface 
z = 0.002 cm Praa = 1018 kg/em.s? 


Pa: 101 kPa = 1010 kg/em.s? < Praa = 1018 kg/cm.s? 


Hence the maximum sum of the partial pressures is slightly greater than the saturation 
partial pressure and so gas will form bubbles at the skin layer interface causing 


blisters. 
P11-5 (a) 
Part (a & b) Packed bed, mass tranfer limited, gas phase 
Mol balance : -.1.4Ға +га’.а:=0 where Ра = U.Ca.Ac 
Ac dz 
1 FaodX 
ini vi pu ыды ас 
Ас dz 
У.Сао.аХ _ p ids U = constant superficial gas velocity 
dz 
Rate law : Mass transfer limited boundary condition 
га” = kc.(Ca - Cas) but Cas = 0 , rapid reaction 
Stoichiometry : Assume constant T, P, gas phase 
. _ Cao.(l- X T 
Quel ii. и 
Оре. Х) 
E ыг U Cao.dX Y. 
Combining : ——— S FOL Ld 


Use Thoenes & Kramers correlation for kc : 


dz 
Сао. Uo. ax = де. Кес. Са 


dX _ ас. X) 
dz Фо(1%015Х) 


Sh’ = Re)? (Se) 


чи 173 
dun АЙ ча: aes 
p. Dab 


kedp( + )1_[ 4 
Dabll-ó6/y | 
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Parameter evaluation : 


d |у |Б 60.505 -0238ст 
To e T л 
Diffusion of cyclohexane in hydrogen (assuming constant Т, Р) 
"HI 
00012575 + ai 
babs [ма Mb] _ 


0и)? «T 


Fuller, Schettler, Giddings for binary mixture, low pressure, non 
polar (Perry’s handbook chem.eng.) 


Ма, Ме = molecular masses = 84 , 2 respectively 
Va, Vb = diffusion volumes 122 , 7.07 cm’/mol respectively 


ни 
0.001(773)' ЈЕ b. 23 
84: 


Daba meae tbt 2d „ш баз7ет? /з 
5 из 
(уш). к (1.07) 

ф=04 

2. а $03 _ 
кар 0570. 

"NE ЭРЭЭ? 

Ас 14-260 


U = Оо(і + Е.Х) «50901 + 0.15%) 


= RMM.P = (84х005х2)% ын x0.93x2) _ 0.19gm / 1 = 0.00019g / ст? 
R.T 
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u = 0.00017 g/cm.s (155, 500 К, 2 atm) 


? 
Ба РО ОРАО 4940150 


0.000171 ~ 0.4)1.146 


=, 00019х0: 857 


bs Es 5 ps. ) uou 0388k 
0.857. 10.47 1146 


kc = Sus [473(1 015X)] (10447 = 17.98(1 + 0.152) 


Qe = an m = 6.29ст" 
0.5 72 


u = 0.00017 g/em.s (Н, 500 К, 2 atm) 


50.901 + 0.15X)0. 572x0.00019 


ве = = 41301 +015Х) 
0.000170 -04)1146. 
22 0.00017 
0.00019x0857 _ 
7 
Б Sr 37 1. = 0388. кс 
083701204 71146 
ke = 1. [4731 015X)]" 0447 = 17.981 +0152" 
0388 
асш Nr 2 = 6.29ст" 
0.572 
dX 1-3) 
АН А онолыг "МАТЕ 
5 Түйн | РОСҮМАТН 
Р11-5 (b) 
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Equations: 
Equations: 


а(х) /8(2)я2.22%(1-х)/51»,16%х)7.5 ü 
P EE. 
Variable Initial value Maximum value Minimum value Final value 
2 0 5 9 5 
х 0 0.99997 9 0.99597 
1.000 Шилэн 
Ї — 
суы 
KEY: ~ mBo . 
a x 
8.600  -F 
/ 
i 
0.400 te / 
| | 
0.200 Т 
DACO о eem — ee e €———————— течи] 
2.009 1000 2.900 3,2900 4.000 3.000 
т 
6 нер int ааа 
625 098591419 


„8875 0.99841018 
T8 0.99684594 
„8125 0.9972288 

875 0.99758518 
9375 0.99786072 
0.99812039 
0.99834853 
3138 0.99854898 
‚1875 0.9947251 

228 0.99887983 
. 31.25 б.99901579 
«375 0.99913525 
4375 0.9992402 

d 0,99233242 
5525 0,99941144 


www UL LO қр ы QU Lo аз ы fO do TO Pe 
a 
із 
nN 
іл 


The results show that only 3.3 cm of the tube is required for conversion of 99.9%, 


much less chan the full 20 m. 


P11-5 (c) 
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Initial value 


| , чи 1/3 
kcdp( 6 )] | U-dp-p E 
“Dab (1-0) 7 Bory р Dab 
Assuming the porosity remains the same, factors in the correlation affected by the size 


of the catalyst pellets are: 


е шд: 259025 ШЕ 
к 


Э 
Re = 209(1£0153)0286x000019. 53 590150159 
0.0001 7(1 — 0-4 )L145 


> 
79 22 2251 n хи 20127 
0357012047 1143 


сэг m 3681 015x)]" (L044]? = 25.391 +0455)" 


По Eo = 12.59ст" 
0386 
dX _ 1259x25.39(1 0.1 Lexy (1-Ху_ 
dz 509 | (1 015X) 
dX a ag _ POLYMATH 


dë 7 (1-015Xy^ 


Problem 811-48 part arb 


1.009 ye 
| и 
4 E 
| 
КЕ: 2.825 E и 
х | Р 
/ 
4 
! ! 
0.800 * f: 
i 4 
A / 
a 
0.430 --/ 
| | 
| 
9.2302 ->i 
d 
i 
3.006 — о menm rime tn ante dnm fet einem 
ова 6.495 “a. 309 1.200 1,620 Bp p 


z 
As can be seen from the above graph, the affect of reducing the dimensions of the 
pellets by half results in the conversion reaching 99.9 % 1,18 cm from the entrance. 
This seems reasonable because reducing the size of the catalyst particles is one of the 
methods for increasing mass transfer and hence kc. 
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P11-5 (d) 
If pure cyclohexane feed were used at the same volumetric flowrate 60 dm?/min , then 
the initial bulk concentration would be greater and there would be а greater 
concentration gradient across the stagnant film on the pellets. However the mass 
transfer coefficient will be reduced as the products must diffuse away from the surface 
which will be harder in higher concentrations of cyclohexane. 
Тһе equations used in Part (a) do not incorporate Cao, the initial cyclohexane 
concentration (Cao is cancelled out), so the only affect this change would have is to 
alter the physical properties of the bulk flow : 


84x2) 
0.082 12773 


· = 2.647 gm / 1 = 0.002652 / ст? 


Ы =? g/cm.s (cyclohexane , 500 K , 2 atm) 


P11-5 (e) 
This problem gives an indication as to how changes in parameters may affect a packed 
bed. 


P11-6 


Given, 


BAN 


e Minimum respiration rate of chipmunk, чеч 
ESOS 


ASA 


F, AL = 1.5 umol Oy min ANNNNSSNNSSNSSSSSNSSSSSNSÍ Perens 

: : Тагт МАМА БУХА 

e Breathing rate of Chipmunk, SARA AAR | КАСА 
= : AMAA | КОСИ 

уд = 0.05 ат” gas/min МУМУ УММА 


SAAS 
FXO 
МАМА 
х тех 
ху 


: AAA 

e Diameter of hole, D = 3cm МОМАКА АЛА 
МАМА АДАМА МАМА 

МОМАКА 

ИМ 


Assuming, AAAS VAASASSA S руна 
e А represents oxygen AEROMONAS Г 
e B represents nitrogen МУ СУ | ем 
e Chipmunk has a constant breathing rate of 0.05 dm? of gas/min ААА КУК 


оу, 
Хо сэм 
Fans 
MN SOLES AN ASPEN 
RY = ру 

X L LNS 
SANE 


ММММММММММММММММММММММ) 

ASA AA SS 

АУА 

АУА SN SOSA OUS S AST 

3431 2 3 ММММММММММММММАМММАМАМЙӨ 
Minimum flow rate of oxygen to the bottom, F4; де Pp OOS 

AL ST 


= Minimum respiration rate of chipmunk AUC ызы 
= 1.5 umol of O7//min 
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Flow rate of A down the hole 
= Flux of A x Cross - sectional Area 


Сео 
Ру = Ва * x A. 
С. 
or ред, C Cn y A ----(1) 
Ға 


£y, = 0.18 ст? /s 20.18x10 ^ m? /s 
2D?  zx(0.03m) 
Ss 
F,, =1.50x10°° mol / min = 2.5x10 ? mol/s 


= 7.069 x10™* m? 


Ac 


P11-6 (a) At Pasadena, California 
Р. 
Со = х Ideal gas law 
40 = т, Ул € g ) 


where, 

P, =1.013x 10? N / m? at Pasadena, California ( situated at sea level ) 
R=8.314J/mol.K 

Т = 25°C = 298K 

y, =0.21 (Mole fraction of oxygen in air) 


5 2 
1.013x10° N/m? | ва 


(зэм T 298K | 
K 


mol. 


Са = 


С,-8.59 mol / m? 


Now, 
Flow rate of A = (Concentration of A at the bottom) x (Volumetric intake of gas) 
Е. = Си ху, 
у, = 0.05 4т?/ min = 0.05x10? m? gas/min 
F 2.5x10 5 mol / s 


Cy = = =e m 0.03 mol / т? 
Ы LE з | 
min 60s 
Solving for the length from (1), 
L= 9j, BC хд, 


AL 
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(8.59 -0.030) mol / т” 


І,-0.18х107т/вх = 
2.5x10 "^ то! s 


југа те 


^ L= 4.36m 


P11-6 (b) At Boulder, Colorado 


Boulder, Colorado is 5430 feet above sea-level. The corresponding atmospheric pressure is 0.829 x 10° N/m’. 


Р, = 0.829x10° N / m? at Boulder, Colorado 


Р 
С„=——х 
ПА; УА 
5 2 
NE 0.829x10° N/m x0.21 
зэм «298K | 
mol. 


^S Cao = 7.03 mol | m? 


Solving for the length from (1), 


ред, Сат Са. 


AL 


X Ас 


(7.03 – 0.03) mol / т? 
2.5x10 ? mol/ s 


L =0.18x10 m о] товоо 


^1 = 3.56т 


Р11-6 (с) 
During winter at Ann Arbor, Michigan 
Т =0°F =-17.78°C = 255.37K 


1.013X10° N/m’ 


Cung x0.21 
(зам LESS 
LK 


mo 
“С, 710.02 mol / т? 
Solving for the length from (1), 
Lo gy, t Dax, 


AL 
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1.=0.18х10 m? Е товоо 


255} Ы (10.02 —0.03) mol / m? 
298 2.5x10 5 mol / s 


2.1,-3.87т 


During winter at Boulder, Colorado 


T =0° F =-17.78°C = 255.37K 


P 
С, = х 
4 = ът Ja 
0.829 Х 107 N / т? 
(зэм essa) 
mol.K 


Соз 


~ Сы 7820 mol т 


Solving for the length from (1), 
Сот Са 40 А Ac 


AL 


Leo 


југоввао че 


1-018х10%т БЕЗІ (82: 0.03) mol т" 


298 2.5x10 * mol / s 
“ L=3.17m 


P11-6 (4) Individualized solution 


P11-7 (a) 
Given : P, = 510 mm Hg @ 35°C (from plot of In P, vs ИТ) 


B 
InP, =A- m tC) Antoine Equation 
Das = 0.120 cm?/sec (from equation of Fuller, et al.) 


0.00171” |. EA 
M, M, 


Dy, = Fuller Equation 
рају, +, — 


where V4 and Ув are the Fuller molecular diffusion volumes which are calculated by summing the atomic contributions. 
This also lists some special diffusion volumes for simple molecules. 


Fuller diffusion volumes 


Atomic and structural diffusion volume increments 


C 159 Е 14.7 
Н 2.31 СІ 21.0 
О б.11 Вг 21.9 
М 454 I 29.8 
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Ring -18.3 5 22.9 
Diffusion volumes of simple molecules 
He 2.67 CO 18.0 
Ne 5.98 CO2 269 
Ar 16.2 N20 359 
Kr 245 NH3 207 
Xe 32.7 H20 13.1 
H2 612 556 71.3 
D2 684 CD 38.2 
N2 185 B2 69.0 
02 16.3 502 41.8 


Air 19.7 
P11-7 (b) 
By CS, molar flow rate balance 
[UN C Z-20 cm dN, =0 
dz 
And 
N,=K, 
Fick's First Law ( For Nar = 0) 
| N, =-Ср 4+ X (Ny +0) 
2 
7-0 cm P -CD,, ах, 


| | R=0.5 cm 


Equating the results of Fick's First Law and molar flow balance, then rearranging and writing in the integral form 


2 X 
K, Jae = СР, fama -Х,) 
0 


X 


к= Сы 
2, 1-Х, 
Evaluating for 2; = 20, Х = 0 
" Р ОЧИХ (atm 
ORT ст? 
T (26) тет зу 
gmol.^K 
= 3.95*10° gmol/ ст? 
Р 
E: Е 290 
Иа 760 
x105 2 
м, =к,=(8:95*107)0.12) | 1-00 | 
(20) 1-0.671 


= 2.64 *10  gmol / cm ? .sec 


P11-7 (c) 
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For any value of z between z = 0 and z = 20 


0-Х,)-1- х =(1- Xo (op 


1- X, 
x, 5-3) eU, rtm 
Ci -Х,С С,-Х,С 
M=X,M,+X,M, 
C, =X,C 
V, =М, /С, V, =М, /С, =0 
ум 3178103 
C 
уап zo 
p 


ЈА =C, V, - У) = №, -Х,М, = X,N, 
7, = C,(V, - У) =-Х,№, =-Л, 


2 Хв ХА Св Ca Ов РА р 

0 0.329 0.671 1.3 2.65 0.376 2.02 2.4 
5 0.434 0.566 1.71 2.24 0.495 1.71 2.21 
10 0.573 0.427 2.26 1.69 0.655 1.29 1.95 


15 0.757 0.243 2.99 0.96 0.865 0.73 1.6 
18 0.895 0.105 3.54 0.415 1.02 0.316 1.34 
20 1 0 3.95 0 1.14 0 1.14 
__ (*103) (*10°) _(*10°) 
2 Ve Va ү V ја=-јв  Ja--Ja 
0 0 9.9 7.7 8.32 3.16 8.7 
5 0 11.8 7.17 9.05 4.52 11.45 
10 0 15.6 7.17 10.25 6.77 15.15 
15 0 27.5 7.17 12.5 10.9 20 
18 0 63.5 7.17 14.9 14.9 23.6 
20 0 1E+06 7.17 17.5 20 26.4 


P11-7 (d) 
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Qa (0) 
0.842 60.7 
0.774 56 
0.661 49.4 
0.456 40.5 
0.236 34 

0 28.97 


Mole fraction 


mole fraction 


Concentration 


а 
Е 
о 

p 
о 

= 

$, 
с 

D 
T 
= 
8 
Е 
S 
o 


Diffusion Flux 


mass/cm3-sec 


diffusion Flus(*10^6, *10^8) 


P11-7 (e) 
Evaporation Rate of CS} (pi, 9 20 °C = 1.26 gm/cc) 
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Q.0*10*) 360024) 


О- NA _ 
” 1.26 
3 0 
2109752" (€ 20°C 
day 


P11-7 (f) No solution will be given 


P11-7 (g) 


Molecular diffusion of air is taking place 
М; =J, + Ху СМ; +N,) 
0-7 J, + X,(N,) 
J, 7-X4(N,)- 0- X,)N, 
=—J, 


P11-8 (a) 


Quasi-steady-state - no accumulation in the capillary tube or in either chamber. 


Volume 1: 

Accumulation = in — out. 
ам, 4(с,М) 
А = Аа =0-W 

dt dt Ac 


dy 
W, =-D,,C, 2 +y,(W,+W,) 
EMCD: Wa = -Wg 


ас L 
W, = -Ds L5 ? У, --0,С, 


р 
W, = (Ca =C) 


Ca 2 
Са 


Volume 2: 

а(с,м) 
-4-331 WA. -0 
dr АЛС 
dC, TN AcDap 
dt VL 
4С,, _ А Юм 

a LEC KC 
ф VAL. (Cu-Cu) 
Subtraction gives us: 
4(Си- Сы) АФы(1,1с со) 
dt L V V, Al А2 


Now integrate: 


(Ca ~ Са) 
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D 1 
Ш(С,-0,)5 Аа 1-1 осона 


1 2 


P11-8 (b) 
(С. - Сл) =kAIC 


Ink - In AIC = р z) + Constant 


LV y, 
D 
hass 6 ла | +С, 
L (У V, 


In AIC = -D,, (0.01025): +C, 
if we plot In(AIC) as a function of time and find the slope, that would give us -Dag 


POLYMATH Results 
Linear Regression Report 


Model: InDIC = a0 + а14 


Variable Value 95% confidence 
ad 3.7024708 0.0078035 
al -0.0107008 9.83Е-05 
General 


Regression including free parameter 
Number of observations = 9 


Statistics 
В^2 = 0.9998944 

В^2аај = 0.9998793 

Rmsd = 0.0015013 

Variance = 2.608E-05 
Dag = 0.0107 

P11-9 


Dissolution of monodisperse solid particles in excess solvent. 


Di -D& (рё - D')sa4 
2D* 


PR ур 
ERN 52 Di әде D 
шы б | Es : 


заан —— 


Define conversion in terms of volume dissolved : X PEL. 
ree рр 


gives 0-01(1-ХУ7 
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си | 3 | 2 
‘fps: о 5 ГЭР : С 1773 E t * P из ee 
Substituting forD: — Di-Di(1- Xy" + nae (D? [Dia -ХУ | so: 


term m 11. "term 2 25 


Surface reaction controls: — D* is large, term 2 is small cf term 1 


Di -Di(1- X)'? = at 


о. 

1 n -X из қа 

(1 ) Di 
Mass transfer controls : D* is small, term 1 is small cf term 2 
22 (DF -[pi at - Ху] =ar 


Di at 
eme о Cy yim omes 
aps! ( уэ Di 


Both regimes apparent : Term | and term 2 apply 


TENEO Di NT 
p-a- x)? ]+ [Жа- -- Xy j- 2 


P11-10 (a) 


Маз; transfer limited “Ум = ke Cao A in excess , Ca = Сао 


The reaction rate is equal to the mass transfer rate» ra," = ke Cas = Kc.Cao 


For small particles and negligible shear stress : ke s зы 
D 
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Шин 
Мо! balance on solids : ің л)? са .5 ) .pnD* dD 


For 1 mole A dissolving | mole B then ~, =~ ву = ke. Cag as Са, is undefined 


ар _ | 2(-rw')|_ 4&DeCo 
dt | р | pD 


Boundary conditions, tz 0, D = Di 


(уар = | 4 
Di 


0 


19-08 40е. Coot 


DP 2000 x (10e ~ 5)? Н 
8.De.Cao 8х00е-10) х (2000) 
ie. virally instantaneous dissolution 
P11-10 (b) 
Surface reaction limited ~ tag’ = К.Сас 
Mass transfer effects are not important when the surface reaction rate is limiting. 
pr D 
gH cre. 
; NIE 6 j 
Mol balance on solids : rs OR. DU = dor ue 
t 


For | mole A dissolving | mole B then -ia - ra" 


ар | АД, Ё 


dt p 


Boundary conditions, t 0, D = Di 
D Ээ 2 ; 
ја зш e em | dt 
о 


р о 
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2 
D= Di~ 20091 


p 


Time for dissolution, te , at D = 0, and assuming particle density, p = 2000 kg/m* 


2. Di 2000 x (10e ~ -5) 


= = esos јез 
2kr.Cu  2x(l0e-10)x(2000) | 


à very long time. 


P11-10 (c) 
At t = О, total moles A in tank = 0.1 x 100 = 10 mol А 


i.e. there is just enough mols of A to completely dissolve all of B in a well mixed tank. 
Acid not in excess and dissolution is mass transfer limited (Са, + О and Ca = Cao) 


War КОСА CA) = - ay” = ke. Са, assume zero order in B 


kc 
War = kc(Ca— Cu) = ral! = 2 ‚СА and ES 
kc + kr D 
. kr 
хаш Эг dus poi 
Dd. kr 
D БЭ 
| р.т. > 
| " 3 6 
Mol balance on solids : Да eco eene 


For | mole A dissolving | mole В then ~ ra = « ra," 
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Boundary conditions, (= 0,0 = Di 


Di D pte (DP — D')sa.t 
M D* 


As a function of radius : 


2r? 2 
= = 27 + Ot —-2ri - 2 
D 


~ 


ES Dref 2791 ~ D*.ri гі |» 0 


Using the quadratic solver : 


assume р = 2000 kg/m 


ЗОН үл делін _ 2х00е- ~ 18)x(0. 163) =10e-19 
p 2000 
2.0 2x(10e ~ 
не И. 

kr 10е — 

gives [E [пог 5) +. pee: 2M 10614 
dice Ее I КЕТ о шан 2 $ 
10е—19]. 2x(2x10e~ |2 


Р11-10 (4) 


again a very long time. 


Го reduce tc, increase С, and / or decrease Di. 
To increase tc, decrease С, and / or increase Di 


P11-11 (a) 


Irreversible, gas-phase, adiabatic. no pressure drop, packed bed. 
Isothermal 
Mol balance : Fo. e zc 


mol/zcat s 
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where Едо = Соль = 10е-3 x 10e4 = 10 mol/cm? 
Rate law : -fa wk’ Ca, But C, is unknown. 
Assume reaction rate is mass transfer limited. 


Wa = ke (Са Ын Са) = С См 


Ca = А0. 
ket k 
ККС. Ca ст’ то! 
7 BS M mM 
kc e E s.gcat ст! 


where k’ = 0.01 cm /s.gcat at 300 K (constant » isothermal) 
Sh = 100. Ве! 


из [d 4 ИГ из 
ke = DE (422) Ж eroof arat) e TO eros 
d у 0.1 0.02 7 


converting: 70.7 x aca = 70.7 x 60 = 4242 cm’/s.gcat 


1 0.01х4242хСА 
4242 + 0.01 


Stoichiometry : gas-phase, constant pressure and temperature 


Са m cao{ 33 
1+8.Х 


where &=улоб = 0.5(1-1) =0 


Са = Сло(1 - X) and Cao = 1 mol/dm? = 10e-3 mol/cm? 


POLYMATH 


Equations: initial value 
dix) /4 (му s-xa/tao 9 

к=0.01 

fao=16 

ксч4242 

саоз 0,003, 

cascad* (lx) 

rase(ktkco*ca) / (Ккекеј 


Wo * We = 1606 
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Variable Initial value Maximum value Minimum value Pinal value 
w 9 16-06 0 38-06 
х 6 0.53212 0 0.63212 
k 0.01 0.01 9.01 0.01 
fao Lo 10 10 10 
ke 4242 4242 4242 4242 
сао 0.001 0.001 86.001 0.001 
са 0.001 0.001 0.00035788 0.00036788 
ra -9.99998e-086 -3.678796-06  -9.99958e-06 -3.6787%е-06 
9.800 - 
0,690 =" 
Ш 
KEY: A 
"d 
— x с. аа | p 
Pd 
2.320 -4- P Л 
| pd 
” 
ава + a 
200 | mentem mmm em mne pente E m + 
^^ шоо а. 206 0.406 1.900» 
м — 
Fora conversion of X = 60 % . W = 925 kg 
1.120 i 
i 
2,942 ^^. 
EN 
Scale: 1 оз | Е 
аласа + ба 
KEY: | | 
Бө 3.540 > кг? 
| ae 
0.480 -4- MÀ 
0.320 -- "————— ети x 
2.000 9.200 0.500 0.800 1.000= 
5 ы 
Adiabatic operation 
Mol balance and rate цих as in Рант (a) 
3000( 1 LY] 
with АТ) = 0 Olexp) ——— eae || 


Stoichiometry : 


f 
Ca = Cao. omm 
| \ 1+2 X 


19813500 T 
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wher 


e g=0uand To = 200 К 


and Cag = 106-3 моста” 


ар O-W,-~ У F,C,(T -T,)* FX CAH, (Т) 

Energy balance : — = 0-0. -È F, ТЕ = ( САН ax (T) =0 
E dt A NC. 

У Fio Cpi.(T — Tio) = [10 x 25 (Т - 300)] + (10 x 75 (T - 750)] 


= 1000 (T - 300) 
- 1000 ст- 300) + 10.X.(10000) = 0 


POLYMATH 


Equations : Initial value 
dix) /diw) =-га/Вао 0 

Юс0.01 

Ёао210 

Ко:4242 

2920 .001 

тог390 

a (10 "х"10000/1000) «То 

сагсао“ (1-х) *(To/T) 


= 300 К 
ras- (к"Ка*са) / (Кекс) 
Wo = 0. We = 1.20006 
Variable initial value Maximum value Minimum value Final value 
w 0 1.2е+06 ü 1.2е»96 
х 9 0.854825 9 0.654825 
x 0.01 0.01 0.01 0.01 
fao 19 10 10 19 
ke | 4242 4242 а242 4242 
сао 2.901 9.001 9.001 9.001 
T 300 389 300 303 
T 300 365.483 360 355.483 
ca 0.001 0.001 С. 000283331. 0.000281331 
ха ~9.99998e-05 -2.8333е-06 -9.999988-05  -2.8333e-Q6 
2.800 


| 
0.640 | ез” 
дао | 


3.329 27 


| 
0.150 | 
| 
| 


9.000 


asoa — 0.300 0.500 5.300 1.200 1.500% 
ы 
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For a conversion of X = 60 % , Wey, = 1020 kg 


378.900. 


г 
Ї 
ә. а 
3sc.aca -+ ет” 
i Pd 
iut | p 
KEY: T Pd 
-T 344.c00-4. „л 
2 
| E 
WAR 
і 
i 
к: 
! 
296. еее ии 
8.808 2.260 0.500 5.35 1.260 1.500» 
Т 
1.049 1 - 
3.880 Dx 
х 
Scale: 1 аз i N 
KEYS mu ue EN 
а i 
: M. 
asea -b Se 
а 
B Te. 
0.400 +e BEN 
“шд. 
| M 
одай 4----. ——€ n еее = =) 
0.300 0.300 0.559 asea 1.200 1.500» 
ы 
. 
P11-11 (c) 


Tt is possible to generalize that the addition of temperature variation in adiabatic 
operation does not affect the conversion, concentration profiles in form, but the 
numerical values are slightly different. Because the reaction is exothermic, isothermal 
operation enhances the conversion profile along the packed bed, so that for a given bed 
diameter less catalyst is required. It is clear that adiabatic operation inhibits conversion 
as heat is not removed from the system so more catalyst is needed for the required 
conversion. The removal of the heat generated in the reaction allows a reduction of 85 
kg of catalyst in the bed. More detailed economics will indicate whether isothermal 
operation is worth it. 


P10-12 (a) 
Dissolution of pills. 


Complete dissolution. 
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Ga E Us a eae 
Woedy Vitomach 
dCe Vitamach Eirug 
ва ae 
dt Woody 25у. TU 


Есіме C, to time : 


Three pills. each with different thickness outer layers, the inner cores dissolving at 


different times (but at the same rate) to each other, will each contribute to Ca in the 
stomach. 


Pili =5 амп, О, = 3 пип 


0354х -0 
Time for outer layer to dissolve n= 0.0354x(0.5" — 0.3" 25 118 min 


8x(6x10e ~ 4)xL0 
Pill 2: Оз =4 mm, О; = 3mm 


4х(0.4? ~ 
Time for outer layer to dissolve n= 5058 2004 ~ ссе 5) = 0.52 mia 
| Sx(6x10e ~ = 0. 
РШЗ: Юз = 3.5 mm, D; = 3 mm 


0.03 54х(0.35* ~ 03° 
Time for outer layer то dissolve й = ~ 22 at —— 2024 min 


8 x(6 х10е ~ 24). xl. 0 


4 ау tylaxtomach 
ALL = 0 mol balance on drug : Fa qe ааа 
dt 
яе Wa t ginstomacf 
where Са zm and тд” = KS, 
V їл 


dt у D.V 
where W = mass of drug in stomach, g 
У = volume stomach fluid , сш? 


ас, QE За. D' й _ 2. Daz Sen. D^ 


and boundary conditions: t=t,,C,=0 | 
t= 5, Сл = Case WAV = 0.5/1200 = 4.17х10е-4 g/cm? 
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Outer layer : 


1 
( С Dp. 
Mol balance on outer layer: 0 - Or" ac D^ = а 
t 
and ra” rate of dissolution of outer layer = rate of mass transfer from pill surface Wa 


Wa = ke Sout =- fA" 


a Оз 
D 
Assume density of outer layer = inner layer шоо — = 0.03542 / ст? 
т.(0. 
6 


Ї Sha2,k& 


Sow = 1.0 kg/ cm? 


40 2(оӨ”) _ 2x2xDaSwe 
d p o D.p 
Boundary conditions : 1:0, р= 05 
tet, Ре 


2 


Dè = Dè _ 2x2, Dan Soa , 
2 p 


where и = time for outer layer to dissolve 


0.0354x(0.4* — 0.33) "M 
Sx(6xlÜe-- 4)x10 


inner core : 


Вош агу conditions : сей, D=D, 


=, Ded 


іліп 18, Зах ? 


p 


T 


"E 
іл 
3 я 
= 


where is = tune for inner core to dissolve 
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ка кие икен ШЩ 166 min 
&x(6x10e ~ 4)x0.4 


urne for complete dissolution , ty = t; +t = 0.52 + 1.66 = 2,18 min 
P10-12 (b) 


blood stream stomach 


7*— adsorption 


Cg conc. in blood 


ЖА conc. in stomach (O) 
| | dissolution ©) 


stomach wall 


Let rate of adsorption into bloodstream 
“Ta = КАСА 


Relate concentration in stomach C, , to concentration in blood Св: 


; 8 
Мо! balance on drug in bloodstream : ИА‘ = 208 
| dt 
dCs | 
A = Ба. С, 
dt 
10,000 “р z 
11 
4 9:900 tj 
Scale: 10 i \ 
1 
KEYL. 6.900 - | \ 
[a | х 
4.300 ++ x 
|| 
2.200 || 
| 
9009 boa roaga 20.000 30.000 ^0.0CO 80.20с 
с 
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| 


~ 
1,600 ++ ye 
Scale: 10° | / 
1.206 -- / 
KEY: y 
-Cb >. 
олоп 4- / 
11 
t / 
2.455 T 
2.206 | ер = а MM 
40.000 20.006 39.508 40.550 30.095 
t 
P10-12 (c) 


The graph of Св against time shows how the drug concentration in the bloodstream 
initially varies with time and then becomes independent of time as all the drug initially 
in the stomach has absorbed into the blood (consumption of the drug within the 
bloodstream has not been modelled, unrealistic but no data). If a certain drug level is 
specified, and assuming a constant size of inner core (drug) and that the pills were to 
be taken similtaneously, then the way to achieve this would be to use pills of different 
outer layer thicknesses-to maintain an even stomach concentration and hence 
absorption rate over the whole period. 


Relate D with time : . we we he Sin, 4 Das Sin 


— 


dt p D.p 
and boundary conditions : t=u,D=D, 
t=h,D=0 


Using logic іо obtain the correct timing for the drug concentration profiles inside the 


stomach for each pill, the total profile is used in the relation with the concentration 
profile in the bloodstream. 
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pen 


р11-12С 
у Equations: 
diD1)/d(t)sif(t-0.24)then(if(D1»0.00001)chen(-4*Dab*"Sin/( 0.3 
Di*rhojjelse(0))else(0) 
a(Ch) /d(t) »ka*Ca*V/Wbody 


d(Ca2)/d(t)-if(t»0.52)then(2*Dab*Sin*31.14*D2/V)else(0) 
а(2) fad (5) = 6 (650.52) then(i£(2220.00001) chen(-4*Dab*Sin/( 
D2*rhe}))else(0)jelse(d} 


9 
d(Ca1)/d(t)sif(tr»0.24)then(2"7"Dab*Sin*3.14*DL/V)else(Q) 0 
0 

0 


4(Са3) /a(cjaif(e>l.18) then (2*Oab*sSin’3 .14*03/У) 8156:(0) [а] 
8103) /d(c) zif(c-1,18)then(if(0320.00001)tBen(-4*Dab*Sin/( 0.3 


D3*rho}) ё156 (0) ) 2152 (0) 
Dabo. 0008 
Sin=400 
ruosi5.4 
kazQ.l86587 
м 1200 
Whody=75.600 
СагСа1«Са2-Са1-(Сэ"хоодуйн) 


са = 0, Ба 45 

Variable Initial value Maximum value Minimum value Final value 
с а 45 a 45 

рі 0.3 0.3 9.99686-06 9.996%е-06 
сь а 2.00164e-05 0 2.00164e-08 
Cal 0 0.000417376 0 0.000417375 
Ca2 а 0.000417373 0 0.000417373 
р2 9.3 0.3 9.99774е-06 9.99774е-06 
Саз а 0.000417364 0 0.000417364 
pi 0.3 8,3 9.99841е-06  9.99841е-06 
Dab 0.0006 0.0006 0.0006 0.0006 

Sin 400 400 400 400 

zho 35.4 35.4 38.4 38.4 

ka 0.196667 0.166867 0.156647 0.186687 

v 1200 1200 1200 1200 

Wbody 75000 75909 75000 75000 

са а 0. 00099118 о 1.09044е-06 


Relate D with time :. 22 _ Беби _ 4. Das Sin 


“мм арт mi анин SIT же 


at p | D. p 
and boundary conditions : tzu, D= 
г=>,0=0 


Using logic 


profile in the bloodstream. 


P10-12 (d) 
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to obtain the correct timing for the drug concentration profiles inside the 
stomach for each pill, the total profile is used in the relation with the concentration 


м 


To maintain constant drug level by maintaining a constant stomach concentration, 
time needs to be allowed for the dissolution of the outer layer. for a given period of 
say 3 hours, a size distribution of outer layers is needed, with thin layers for initial 
response and thicker layers for delayed response. This distribution would be back 
calculated given the necessary stomach concentration for the required bloodstream 
concentration accounting for bloodstream drug consumption. Optimization of the 
stomach concentration will indicate the times at which complete dissolution of the 
outer layer of the *next' pill is required to maintain this level. Tbe range of pill sizes 
depends on the number of pills which can be reasonably consumed in one sitting, the 
period for effect and the limits of practical pill size. 


P11-13 


The plot of the data is shown below 


nmnm———————— — A (€ 


Particle Diameter vs Time 


Particle Diameter 
© 6 № 0004-0000) NS со о 


20 


——À ————————— 


Initially the rate of incineration of the droplet in teuns of diameter, is non-linear, but 
apparently becomes linear after ~ 50 time units. The linear form of the data indicates 
that the diameter is dixectly proportional to time and the rate of decrease in diameter is 
constant and hence not a function of diameter. This relationship should make it easier 
to estimate the reauired incineration time for complete destruction (zero diameter). 

Assuming that rate of diameter decrease continues at the linear rate until complete 


destruction (at time ty and hence complete decomposition of the POHC's, те 
equation for the linear relation indicates ty ~ 160 units. 
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Мо! balance oa laver of earth control volume: 


Fal. — Fal, а Ae. Az. a but Fa = А.М. 
1 
Ae Wali- 
Ac. 
dW, ас. 
2-50 1 аи 
2 dz dt 
: 1 : ас, 
For dilute solution and constant total concentration : Wa = Бата 
Gives : pat 88-20 
dz dt 
СА : азу ay 
Let шд н Daa m 
2 y Co gives АВ. 23 5 


Boundary conditions : 
t = t (present day) z= О (surface), у = 0 


Ф == ә, y = 1 

t=0 (епа of glacial) , z > 0, у= 1 
Gives the error function : = erf T ы. let aera : 
У 7 ÀJ 3. Dast n 44. Das.t 


It is defined that at 1| = 1.82, С, = 0.01 Cap and for 7 > 1.82 , C, is negligibly small. 


This defines the penetration thickness, 8 (as a function of time): 182 = 9 


M 4. Pant 


—————— ө) бизне о сше: т-ны 


Concentration Profile 
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But the graph gives at,C,=0.01 Cy -> 2-04 hence 6=18-04m, the 
penetration thickness after time t. 


The time taken for 6 to reach this thickness, is the time since the diffusion started (Le. 
at the end of the last glacial) 


CDP11-A 
CDP11-B 
CDP11-C 
CDP11-D 
CDP11-E 
CDP11-F 
CDP11-G 
CDP11-H 
CDP11-I 
CDP11-J 
CDP11-K 
CDP11-L 
CDP11-M 


t= (44) = | = 5616years 
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Solutions for Chapter 12 - Diffusion and Reaction in Porous 
Catalysts 


P12-1 Individualized solution 


P12-2 (a) 
a т=5 


(lines and angles not to scale) 


P12-2 (b) 
(1) First Order Reaction Kinetics 
2 
ps СА КС =0, uc са 1 шэн 
у= 1 3-0 dz Cao b 
2 2 
ЧУ раџ=0 Da "cl 
ал р, 
V = А cosh4Daà + В ѕіпһурал. 
ous 0-- A=1 
ЗА E = Ax Da sinh4/Da + BYDa cosh À 
dy 
Symmetry —-=0 @ A=1 ~. 
ymmetry a 
вА Уа |, TanhyDa 
coshy Da 
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1- А coshy Da 


Е 1 Be TanhyDa 
cosh«Da ' cosh4/Da 


y= 3088 а_А À TanhyDa . sinh Da. 7 
созћ/ра ‘cou Da. 


(2) Monod Kinetics 


D «СА _ арахСаСе _ (| Ове 
° dz?  Ке+С, |Quasi 
Steady 
асс Е I max C aCe =0 State . 
dz  Kg4C, Analysis 


No further solution to Monod Kinetics will be given. 
(3) Variable Diffusion Coefficient 


for hindered diffusion 
D = Рав 
* 1+ F2 /(-F,) 


As a first approximation, assume no variation in D, with A 


Solution the same as before Equation (E12-2.13) 
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w. -p СА] = D«Cao Фу 
4 ° dz z=0 L dA A=0 

dy 2к12 

— = (ад ~260) ==>ф) == 

dA. 3-0 2D.Cao 


2 
Wo, =Wa -| Эм 2 |р 
L D.Cao 


The flux of О» in does not depend upon D, which is not uprising since this reaction is zero order. 
For the build up of material that hinders diffusion 


dw = AKL = A.Lk - kV 
dt 


Fy = kVt 
From а quasi steady state approximation as time goes on Fy increases De decreases and фо 
increases. 


However, the point at which the oxygen concentration is equal to zero has to be found. We can 
parallel the analysis used in P12-10 switching the coordinates of A=0 and A = 1 (see solution to 


P12-10(c) in which the solution manual) we will find 


ee 


фо 


Increasing 


We see that as t increases А. decreases, that is the point at which the oxygen concentration is zero 
moves toward the top of the gel. 


P12-2 (c) 
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(1) ForR; 11-0.182 18.2% Surface reaction limited and 
81.8% Diffusion limited 
ЕогЕ; 1=0.856 85.6% Surface reaction limited and 


14.6% diffusion limited 
—r, (obs R? 
(2) Cap = TACOS PR ы (12-59) 
Р.СА; 


-(0.95)0.9): = 0.77 
which is less than 1 so there are no significant diffusion limitations. 


P12-2 (d) 
n 
О------ 
1+ kS,Pp 
К.а, 
T жене 
1 + k’S Pp 
n Ка, 
О = 0.059 So 5.9% surface reaction resistance and 94/1% external and internal diffusion limited 
0.941 0.941 0.941 
HR = у = m ———— 
ЭН КЗабђ 6.0+10.96 16.96 
N Ка, 
M | 6.0 
% Internal diffusion reaction 0.941х 100 x 1696 = 33.3% 
% External diffusion resistance = (0.94 1)(100) x ПС = 60.8% 


Summary of Resistances 


External Diffusion 60.8% 
Internal Diffusion 33.3% 
Surface Reactor __ 5.9% 

100.0% 


Increase temperature significantly. Surface reaction % resistance decreases. Increase gas velocity 
external resistance decreases decrease pellet size both internal and external resistances decrease. For 
99.99% Conversion 


In(10,0 
bekime gc jig 0009) 
Пат = 1n500 
-0.16x 22. =0.24 
621 
P12-2 (e) 
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(j) From Mears’s Criterion 
-АНь, (7 )рьВЕ 
hT^R, 

The value from the question 

АН», = -25kcal/mol = -104.6kJ /mol 

h 2 100BTU/h - ft?.?F = 0.567kJ /sm -K 
E = 20kcal/mol = 83.682kJ /mol 

Rg =8.3144 *10 °kJ/molK 

From example 12.3 

-rA =kS,Cno 

k = 4.42*10 9m? /m? - sec 

S, =530m?/g 

рь =(- ф)р, = (1—0.5)(2.8 *109) = 1.4 *10°g/m? 
R-3*10?m 


T -1173K 
At the inlet of the reactor the fraction of NO 20.02 


From ideal gas law 
п_ Р 


<0.15 1) 


#15 
О толоно 
8.3144 #1173 
Сумо = 0.02 #10.39 = 0.2078mol/m? 


Substituting all value in the first equation 
(104.6)((4.42 * 10° !°)(530)(0.2078))(1.46 *10°)(3 #1073 Х83.682)| _ 28891075 


(0.567)(11732)(8.3144 #1073) 


As the calculated result is lower than 0.15, there is not the temperature gradient. The bulk fluid 
temperature will be virtually the same as the temperature at the external surface of the pellet. 


P12-2 (f) 

(k) For y = 30 use Figure 12-7. 
If you draw a vertical line up from фу =0.4 it should be tangent (or very, very close) to the B = 0.4 
curve. Any slight increase in temperature will cause the reaction to go to upper steady state. 


P12-2 (g) 
1 k^p,S 
z————— =R IÍLc-a 
цангаж Ry р, 
For large ф 
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-3 [De 3 De 
О 
S 


55-38 


akt 


Area 2 
Area 1 


(1) Pore closure. Consider О. As t — со pore throat closes В = — го, 6, — 0, D, — 0, and 


фу — со -ТА —0 
(2) Loss of surface area S4. As t о then S; — 0 then ф->0 n — 1, but -r4 = 4S. —0 


P12-2 (h) 

(m) The activation energy will be larger than that for diffusion control and hence the reaction is more temperature 
sensitive. If the apparent reaction order is greater than one half, then the rate of reaction will be less sensitive to 
concentration. If it is less than one half, the true order will be negative and the rate will increase significantly at low 


concentration. 


P12-2 (i) 
In example CDR 12-1, the reactor is 5 m in diameter and 22 m high, whereas the reactor in CDR12-2 is only 2 m? in 
volume. The charge is much different. In CDR12-1 the charge is 100 kg/m? and in CDR12-2 it is only 3.9 kg/m? 


P12-2 д) No solution will be given at this time 


P12-2 (k) 
With the increase in temperature, the rate of reaction will increase. This will cause the slope of СВ; vs. 1/m and, 
therefore, the resistance to decrease. 


P12-2 (D No solution will be given at this time. 


--------------------------------------------------------------------------------------- 


Р12-3 (а) Yes 


P12-3 (b) 


All temperatures, Fy) = 10 mol/hr. The rate of reaction changes with flow rate and increases linearly with temperature 


P12-3 (c) Yes 


P12-3 (d) 
T < 367 К, Ер, = 1000 mol/hr, 5000 mol/hr. 
T «362 K, Ете = 100 mol/hr. 


P12-3 (e) Yes 


P12-3 (f) 
T > 367 К, Ето = 1000 mol/hr, 5000 mol/hr. 
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T > 362 К, Fro = 100 mol/hr. 


P12-3 (g) 
 actualrateof reaction —1, (41362 K, F, - 10mol / hr) 
idealrateof reaction — —r, (at362 K, F,, = 5000 mol / hr) 


Q=- -0.37 
0.70 


P12-3 (h) 


At Fro = 5000 mol/hr, there is non external diffusion limitation, so the external effectiveness factor is 1. 


actual rate of reaction (at 362K, E, = 5000 mol / hr) 


- extrapolated rate of reaction (at 362K, F, = 5000 mol / hr) 


1.2 
== =0.8 
: 1.4 Е 
P12-3 (i) 
_ 3[9cosh ф-1) 


—— ——À - 0.86 
9 


by iterative solution 0 —1.60 
Ec sinh (44) 
Са A sinh 


Р12-4 (а) 


External mass transfer limited at 400 К and dp = 0.8 cm. Alos at all Ето < 2000 mol/s 


P12-4 (b) 
Reaction rate limited at T = 300 K and dp = 0.3 cm. When T = 400 K: dp = 0.8, 0.1, and 0.03 cm. 


Р12-4 (с) 
Internal diffusion limited at T = 400 K and 0.1 < dp « 0.8 


P12-4 (d) 
| rate te with , d, = 0.8 10 
rate e with 0 d, = 0.03 16 


Curve A is reaction-rate limited. This is so because of the way the curve bends, implying an exponential function which 
is the equation form for the specific reaction rate with respect to temperature. 


Curve B is inner-diffusion limited. This is because it has a dependence on temperature, but that dependence is small. 
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Curve C is outer-diffusion limited. This curve has a much larger dependace on temperature than curve B. 


P12-6 (a) 
2 2 n-1 
Eo = CA ilr у Ка SCA 
Cas R E On D. Y 
Th 1 sin h Ф; А = 
en © Num E Boundary Ф = (А = )-1 
А) sinh 5] conditions: Ф = (a = 0) = finite 


Effectiveness factor: п = = (о cos h фу ~ 1} first order reaction. 


Фү 


; Tom R ТІН 1 
At r= у, А =, СА = 0.1 Саз where Cas = 1 x 105 mole 
{ 7х 104 
А = —————.. = 07 
1х 103 R= 1 x10? cml 
: De = 2 
2 m е С 0.1 cm/sec 
3, sin h Qi 


sin һб 
CA = 1 [e42 -e 42] 
1х 1023 0.7 | 6 -е-5 | | 


Ca = 236 x 10-4 Emol 
1 


P12-6 (b) 
п = 29 cosh $;-1] = 0.80 => $i = 2.04 
1 
2 k R? ЗА РВ 


фу = — APR 
е 


ENRE a ; 
Ata = 5. Ф = 0.1 : фу = 6 (see part (ау) 


P12-6 (c) Individualized solution 


P12-7 (a) 
Start with a mole balance: 


WAL УРАГ... +7,4Az=0 
Divide by AAz and take the limit as z --> 0. 
dw 


— qm) 
dz » 


From the flux equation: 


dC 
W =-D —3. 

dz 
Combining the two equations we get: 


us du 221 + k = 0 
Dividing by -D, we get: 


2 
dz р 


e 


We need boundary conditions 


B.C. (1): === =0@2=L 


Ж, 


В.С. (2): C, = С, @2 = 0 


We can then solve for the concentration profile: 


dC, ke 
—=—+С 
az D, ` 
Using boundary condition (1): 
=—— + С, 
q=-= 
D, 
dC, ш и. 
dz D, D, 
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Integrating again: 


From boundary condition2 С, = С, 


kL 
С, 2--2% Са 


е 


~ 2D, 


P12-7 (b) 


тр = E of reaction with diffusion 
rate of reaction without diffusion 


2D (Ca - Cao} 
a= z(z-2L) _ 2D(Ca-Cao) 
k ^ kz(z-2L) 


P12-7 (c) 
Boundary conditions: СА -Oatz-L 


0 = KL (E - L) + Cao 


2 


Жү Елы ыл 


(2.3 x 10 15 mol/s}/(3 x 10-10 cm?) (L cm) 
112 = 0.0640 


L = 0.0041 cm 


| 


41 рт 


P12-7 (d) 
The answer in part (c) is equal to the average tail length. 


"| = lin this problem. ЕП = 1, then it contradicts the assumption of diffusion 
being rate-limiting. 
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1-1 | 
(ГІ) 


илэн 
2 = 0 | 7 = 21. 
Ca = Cas ate Ca = Cas 


шн 212 
Ca = 16 Cas 


First-order irreversible reaction: А -> B 


-Ta = k СА 


| ЭЭЖ 
Mole balance: -++ d“ | тез) +лагА = 0 


cos h le (1 - = 
Concentration distribution: Ca = Cas — LE 


L = 10%cm, 2L = 2x 10 3 cm 


Cas = 10 3 5 mole/l 


D = 0.1 сте бес 
hlo(1-h 
Atz = L, Ca = 16 Cas = с. eh | 
cos 
ас 00 
10 cosh ó 


ф = 2.9932 
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P12-8 (a) 
E УМЕ - LL) 
Atz= бе 
| cosh ó 


cos h 29932051) 


Ca = (0. 
шэн 01 cos h (2.9932) 


СА = 2.345 х 10 3 g том 


P12-8 (b) 
tanhOoiq — tanh(2.9932) 
Nod = ———— = ————É = 2 
? bei 2.9932 03324 
tan h ¢ 
new = 0.8 С Ом ш б, = 0.8880 


Onew 


о ер | (бие | 
2Lnew = 21а (к= x 10 3) [0.3880] 5.993 x 104 ста 


P12-8 (c) | 
Atz L.C, = —Eas _ = __0.001 _ Ра 
cos h бре COS h (0.8880) 7.038 x 10 3 g том 
Thus minimum C4 is now 70.38% of Cas. Therefore the suggestion is plating entire 


surface of the inside of the pore. 


P12-8 (d) Individualized solution 


P12-9 (a) 
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Y 
аа 
23-23 


Define WA > in direction of increasing 2. 
Material balance: 
Wa Apl,- WaApl, "да ApA; = 0 


яд = КСА; Wa = -De SCA + САУ = -De СА for small Ca 


Taking Az — 0: -A dWA 


dz 
А» [p. SEA}. kCaaAp = 0 


For constant De; D, Ф СА 


Boundary conditions: z = L Сд= Cas 


2ш0 === = 0 by symmetry 
d Ca 2 | 
2 А where c Б. 


l 
<> 
= 

H 
H 
R 


Assume Ca = е, thenr?- o? = 


СА = А! е 22 + Аз eaz 
Atz = L: Cas m Ayeal + А, eal 


d 
Ta | о = 9 = “LA, +a А? = 0 
Ај = А; 
From above: Ај = Cas 
е1 + есі. 
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Therefore, concentration profile can be written as: 


т cos h (az) 
CA = Cas “>> 


Wa Аг = | АХ, Ар = - Ap De Cas ааа) 


Wa Ap = -АррЮ, © Cas tan В (aL) 
By the sign convention: МА Ар = nra a Арт, = -GkCasaApL 
^ nkCasaApL = Ap D. a Cas tan h (01.) 


n- =з өөр 
* WE алман E1] 


> -Wa Ap = ОК Caoa ApL = ri kCasa ApL 
ос: zs 


сы 
-Wa Ap = КсАр(Сдо- Cas) = & Ap De Cas tan h (aL) 
ne Cas |! + SDs an h (al 
1 
Сао = жа) 

т _ | али Eu) 


D. ka 
ТАЯ „Не tan һ (oL Ae Ue | ка | 
i ( Е 1+ kc tan h D. | 


P12-9 (b) 
АЭВ 


Ул, -WzrL 


+ rZrArL-0 


r+Ar 
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dC, 
dr 


EMCD therefore, Ў, = —D, 


d ғАС, 
1 dr .p ФС, _idc, 
r dr “саб rdr 


49 


d^y _ldy Ку) 


443 дал Р, 


d 
АА = 1, у = 1 and аё д, = 1, 2820 
ал 


Bessel Function Solution 


(n) P12-10 (a) 
(о) EMCD W, =-D—4 , m =-k 


In—Out + Gen = 0 


Wa Ach, - МАА, дү "ТАДА =0 


Z+Az 


C, =0 
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y-l 


Integrating equation (1) 
kL)? 
y= +С 
2D Cag 
atA=1 y-l1 
и2 
2DACA; 


2 
шаш ша (a -1) 


С,=1 


P12-10 (b) 
(p Now let's find what value of A that y = 0 for different Фо. 


For фр =1 : 0-11? -1]E] 1»? -1 

22-0 

Therefore the concentration is zero (i.e., y = 0) at 
А, =0 


For фр =16 : 0=1+ [A?-1]=1+16A7-16 


А2 = z =0.938 


Seems okay, but let's look further and calculate the concentration ratio y at A = 0 for фо = 4. 


y=1+16[0.2) –1 |-1 +16[0.04 –1]==14.9 


Negative concentration. 


(а) P12-10 (с) 
(t) Let's try again with Фо = 10 
w=1+ (0) [0,12 -1]- 1-10? (o.99) 
у =1–99 = –99 not possible 
| V will be negative for any value of фу greater than one. 


P12-10 (d) 
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(s) We now need to resolve the problem with the fact that there is a critical value of A, Ac, for which both y =0 


dy 


TE 
d^y 
-201-0 

PU 92 

dy 

-202A4 C 

PU фо 1 

y = $242 + СА +C, 


АМА =], y=1 
1-06 t C44 C, 


АА = Хе „у =0 
0 = $222 + Се + C; 


Subtracting 
1= $9 - Фоке + Ci(L- Ac) 
Solving for С 
1- h- 22 c) 
USA. ” 
Solving for Cz 
NES 
1- Ас 


у= фо 


232 4 а = (29%) | 


2/22 
At A=Ac "m 2% с. IR 
0-902-290с-(-%) 


he =202- (84-40 13150 00-9) 1.14905402-400 4% 
200 


NUR 200 208 
1 
Ac =1-— 
Ши 
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Sketch of concentration profile for different values of фо 

фо = 1 then A, = 0 

фо = 2 then A, = 0.5 

That is for фо = 2, the concentration of A is zero half way (A = 0.5) through the slab. 


1 
1-Ас ET 


0 
у= 99 + [oo – Фа(1+ Ac) ] 1-96 – [9o - 9501+ Ac)| 
= 5d + [eo - 66 - 6 + Фо ] 1-06 - 20 + 200 


y = 0222 + 29 (1-9 A+ 1-2 + 05 


ForA > Ас 
Р12-10 (е) 
Zo Le 
[ety Ade + |; ЗААЯ су ды0 z 


ty Adz | -ra A dz 


-ra =0 forz,<z<L 


P12-10 (f) 
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1.0 


0.001 


1.0 Ty 


P12-10 (g) No solution will be given 
P12-10 (h) No solution will be given 
P12-10 (i) Individualized solution 


P12-11 
Given: second-order decomposition reaction: А — B 2C 
k = 50 15/5 sec mol; др = 0.4cm; U = 3m/s; Т = 250°C = 523*K ; 
Р = 500kP, = 4.936 am; X = 0.80; D, = 2.66 x 103 m?/s; Eb = 0.4; 
рь = 2x 10° g/m}; Sa = 400 mg. 
Cao = В. = ——_4.936am ___ - 0,115 8101 
“~ ORT (0.082 7174 523 Kd 
g mol °K 
Rate law: -г = ксі 
Mole balance: 


ас dC . 
42 СА dC. 2 
Dag А.А OkS, pg С2 = 0 


Neglecting axial diffusion with respect to forced axial convection, we have: 
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ТЕ U 
СА 
| dC, _ SIE 
са СА? U ' 0 
1221 [2k Ss рај 
CA Cao U | 
-2рв k Sa 
БЕ xl weld = cte ca 
Atz=L: Ca 1-Х | | 17 ја 
елене 
Q pg k Sa Cao 
Internal effective factor: DE (2-7 эн where п =2 


= A РВ Cao 
$2 = КАЈ a 


$2 = 02x10%m 


[o zz [400 с р х 105 =) [ол 15 атооч 


2.66 x 103 m* | 


ф = 2.63х107 very large 
_= |“ __3 = 9313 x 103 


Internal-diffusion limited: О = п = 9.313 x 10% 


Reactor length: 
3 m/s (1 - 1) 


1, = 
8 6.8. 5 
(9.313 х10*)2х10 4 зул [400 (и5 == 


= 2.80 x 103m 


Р12-12 (а) 
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Start with the mole balance taken on a shell 


W,,2arl| - W, 2arh а, +rjp,2zrlAr = 0 


+54 T 


Divide by -2xlAr and take the limit as Ar approaches zero to get: 


4072) 


dr АТ 


Next find the equation for equimolar counterdiffusion and plug it into the above 


equation: 


An) 


-npy =0 


Next differentiate to get the following differential equation: 


d'C, 1«, -5,8с9.С, 2 
d? та D 


e 


0 


We can then set the following: 


p=- A 


ар 14 k, Pes, R? 
+ шини өр 
42 лад Р, 


2 
Zz Gita %®^Ф=0 


Solution: 
Ф-С,4 (Фл)+ С,К, (Фл) 
Boundary Conditions: 


р-104-1 


do 
—=0@A=0 
ал @ 


12-21 


40. -Ф|С/,(ФА)-С,К,(ФА) 


1,(0)-0 


K,(0)=2 


ар! 
0 = 0 
s > 26, 
9 - C (ФА) 
1 
= СІ, (Ф) c, = —— 
C, је с, 1, (o) 


I, (04) 


Фф = 


1,(Ф) 


P12-13 (a) 
га 


(t) та (ак ат (t, cr) =0 (1) 


1 (op, Sa n -0 (2) 
r^ dr dr 


Dividing by АНрх and using Equation (2) to substitute for -rA 


| mee Spas БЭЛ 
-АНр, / r^ Маг tdr) г2аг dr 


а 24 КТ 
а, БЕ D,CAHg,) је ој p 


Integrating 
dr| D.(-AHg, ) 
Ca Тек шн ИЕ 
D, (-АНұ,) r 
C, =0 because T & C must be finite. 
k,T -C 
kte aG 
D «(САНь,) 


r=R СА = Ca, and Т = Т; 
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k,T КТ, 


— м 


Ci ae 
А САНЬ,) ^ ТУАНУ, 


rade, -C4)* Ts 
T- dox at CAS =0 
(-АНь, ОО, Са, 
k 


Tmax = Ts + 2— 
t 


P12-13 (b) No solution will be given 


2-0 21 E 


Given: А <> B on the walls of a cylindrical catalyst pore. 


21 = length of poisoned section 
-T n =k Ca 
In the poisoned section: 


Wa nl, - Warr 1, +raP Az = 0 


For 0 < 2521, гд = 0, since this area is poisoned. 
2 W 
Wa аг |, - Мдлг!,,,-0 or SA = 0 


Wa = - CDan А + ХА (Wa + Wa) 
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еее 


But Wa =-WB , since, for each mole of A consumed, one mole of A is reacted. 


ЧХА ФХА _ 
Wa = -CDAg ХА and 4 (Das ЖА) = ро 
Atz=0, Ca = ХАС = Cas 
Atz = zi, СА = ХА! = Са 
Integrating: ХА! = Кү2+ К 


C 
Ас2-0, ХА = саз. К: = ce 


СА - С 
atz=21,Xa = Ха = SAL = ша + СА = kı = есе 


-Gu Grbe 
ХА = С Cn С 
= (Сл: - Cas) (&) + Cas 


The flux is Wa = -С Dap САА = -Dag =A sa —^ (Са - Cas) 


P12-15 (b) 


1/2 
Before poisoning, T] = phe where | = ф =L m 
фі грав 


After poisoning, the differential equation and boundary conditions are the same for ће 
unpoisoning region of the pore, 21 < Z <L if z is replaced by L - z; and if we let 

Ca = Ca, atz = О and ofa =0atz=L- z. then, for the unpoisoned section of the 
catalyst pore n applies if ó is replaced Бу: 

2 
0-2 2 =a = (1 fe „ie, = mali 
Шер 
The effectiveness factor for the unpoisoned section of catalyst pore is defined as : 
Wa = nzr(L-z)Cai 


This can be related to the overall effectiveness factor for the entire pore by 


12-24 


Wa = n'zrLCas = ПЕГЕ СА 
A у = NER 
n Cas n Сл (1 т) 
But Wa = - ОАВ (Cai - Cas) from part (a) 
A Cai = Cas - АЛ, 
Das 


БОЭТ 


Bu МАЛІ? = 7n'2nrL Cas К" 


боон Ламын 
n "(1 uh траві 


те) 
Е } 


uro И “(1-8 
о (1-0) 


ЕСПЕ npe СЫ) 


КЕСТЕ: 


veri se [ot -8) 


P12-16 


The reaction is A 2lA 


= 2: em 


(77 -Х) mol 
Ca = where Cao = О ИЕН. 52. | 22-22 = 02501 
(1-0.5Х) RT 00821540 (227 +273 К) 
УА = __БА__ ap јр Fa Зэв 2Ғл 


Eat Ea БАЗЕ Ба) БАУҒА 
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YA 2 2 Fa 
Fao EI ВА а УА 
Fa 2% 2 ш Fao 2 1 2-Уд 


Х = 1 РА = ј__УА_ = 2-2УА 


Fao 2-УА 2-УА 


IA = Бах where W = 4x40g = 160g = 0.16 kg 

tm = КСА 

in(-r,) = In ko + ln СА 

LetM = In rj); Ag = 1а ko; A; = с; ай М = in CA 


2. М = А+ А; М (1) 
п п 
> Mi = пАо+ А1 У, Ni (2) 
: i 


n n n 
DMN = Ao д, А У М2 (3) 
i i 


i 


1 Fr УА X Ca т, M N N2 MN 
1 1 021 088 4285x102 5.5 1.705 -3.150 9.923 -5.371 
2 2 033 080 6666x107 10 2.303 -2.708 7.333 -6236 
3 4 040 0.75 8х 1072 18.75 2.931 -2.526 6.381 -7.404 
4 6 057 0.60 1.143x107 225 3.114 -2.169 4.704 -6.754 
5 11 070 0.46 1403х10: 31.625 3.454 -1.964 3.857 -6.784 
6 20 081 032 1.619х10 40 3.689 -1.821 3.315 -6.717 

Y = 17.196 -14.338 35.513 -39.266 


Equations (2) and (3) become: 
17.196 


-39.266 


бАо - 14.338 А) 


-14.338 Ад + 35.513 Ay 
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~ Ag = 636 = inky — kg = 57825 
А! = 1.46 = 15 = а 


Аг Ті = 237C = 510K: К, = А. 
СА? 


. _ (9)(0.9490 | 
ТА = (210-9190) = 53.38 = К, СІЗ where: 


= Bao a S2 = g mol 
Cao = RT = 0082(510) = 0195 1 

_ 0.196 (1 - 0.9490) — g mol 
Ca = —170.90:9490) = 2019 01 


К: = —238 _ = 2035 x 104 
(0.019):-5 


к = ӨР эн) 


2.035 х 10* = 578.25 exp сга. 


Е = 7.55 х 10° —L— 
g mol 


P12-16 (b) 
Nme = 2n,5p- 1 = 21.5)-1 = 2: second order 
Еме = 2Ещр = 15.1 x 105 


P12-16 (c) 


~ нај Сз „ „ / 1 10 7F (2.035 x 104) 49 (2.3 x 105) 0.196 
анг зэвэг санан 


0.23 x 10 4 
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фә = 1.40 x 106 


ves 


P12-16 (d) 


em = 175x105 


To make the catalyst more effective, we should use a smaller diameter. 


P12-16 (e) 
СА = 0,01 £mol Ето. 


ж 
it 


ж 
| 


2.19 х 1032 


тА = КСАЗ = 2.19 x 1032 (0.011 5 = 2.19 x 1029 E mole. 
Д 


Multiply by 2 у еу 


Ур, dad) ал 


Manipulating the L.H.S. 
211 _ „ду Фу 
dA «ал, dA 442 


d I 
2d 
2 = Фау 2dy 


2 n+l 
а у 
кәл mx кенен; 
E: On ay 1 


= 527C = 800K 
Е! 1-1 = | 
woo [Еј 1] = 57825 exp 


n 


7.55 x 105 


8.314 


y=Wh= А. , A=0 y=0 PY -0 therefore C, =0 


AO 


Taking the derivative of y and EM at à =] 


a 
dA 


par - 
2 n+l 
A=1 МЕ 
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slo li aj) 


S 


The effectiveness factor is 
dC, 
А 


ме? 
r=k 


kCh, HS 


In dimensionless form 


CDP12-A 


M MÀ ——————— M ———— M M Т M — — 


CDP12-B (a) 34 ed. 12-19 (a) 
CDP12.B (b) 3“ ed. 12-19 (b) 
CDP12-B (c) 3" ed. 12-19 (c) 


——— ————— ————— M —— ——— —————————— 
e —————— 


CDP12-C (а) 3“ ed. 12-20 (a) 
CDP12-C (b) 3" ed. 12-20 (b) 
CDP12-C (c) 3 ed. 12-20 (c) 
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CDP12-D (а) 3" ed. 12-21 (a) 
CDP12-D (а) 3" ed. 12-21 (b) 
CDP12-D (a) Individualized solution 


CDP12-E 214 eg. 11-18 
CDP12-F 2"? ed. 11-19 


CDP12-G 2™ ed. 11-20 


CDP12-H 274 ed. 11-21 


CDP12-I 27 ed. 11-22 


CDP12-J (а) 274 ed. 12-7 (a) 
CDP12-J (b) 2" ed. 12-7 (b) 
CDP12-J (c) 2™ ed. 12-7 (c) 
CDP12-J (d) 2™ ed. 12-7 (d) 
CDP12-J (e) 2 ed. 12-7 (e) 


CDP12-K 2™ ed. 12-9 


CDP12-L (a) 2™ ed. 12-8 (a) 
CDP12-L (b) 2" ed. 12-8 (b) 
CDP12.L (c) 2™ ed. 12-8 (с) 
CDP12-L (d) 2™ ed. 12-8 (d) 


CDP12-M (а) 3" ed. CDP12-L (а) 
CDP12-M (b) 3" ed. CDP12-L (b) 
CDP12-M (c) 
CDP12-M (d) 
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CDP12-N 3" ed. CDP12-M 
CDP12-O 
CDP12-P 
CDP12-Q 


CDP12-R (а) 3" ed. CDP12-Q (a) 
CDP12-R (b) 3" ed. CDP12-Q (b) 


CDP12-S 


M M M—————— M M M M —— M — ——— € 


CDP12-T 


CDP12-U 
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Solutions for Chapter 13 - Distributions of Residence Times 
for Chemical Reactors 


P13-1 No solution will be given. 


P13-2 (a) 


The area of a triangle (h=0.044, b=5) can approximate the area of the tail :0.11 


P13-2 (b) 


—[ m х 
ЕЕ 

(3) (4) 

ч, 

(5) 


13-1 


(8 


| or 
(7) PFR 
Recycle 
) 


P13-2 (c) 
0 г< To 


For a PFR/CSTR Series Е()-4 (стр) 


13-2 


lesmi 1 


l/ksrm 
0.5 
0 
Р13-2 (4) 
Х-0.75 


For a PFR first order reaction: 


Da= v: H = In(4) = 1.39 where Da = kt 


For a CSTR first order reaction: 


Ра = НЭ —1=3 where Da=kt 
1-Х 


Fora LFR first order reaction: 
Solving iteratively Hilder approximate formula with an initial value 
Da? (i.e. Daprr<Da°< Dacstr). 


Da ех 58 + Ра 
0.75 = hen, DaN те where Da = kt 
4 + Da ЕЗ + Da 


Ра=2.58 


The ratio of the Damkóhler numbers is equal to the ratios of the sizes. 


У У 
Relative sizes: — РЕ = 0.46, —М® = 0.86 ; 
CSTR CSTR 


P13-2 (e) 


For a РЕК, т=5.15тіп, first order, liquid phase, irreversible reaction with k=0. 1min". 


X =1-е Я =0.402 


13-3 


For a CSTR, t=5.15min, first order, liquid phase, irreversible reaction with k=0.1 min”. 


ee OE -0.402 
kt 
Хе 


0.385 _ 0.402 0.340 


Page 851, only the RTD is necessary to calculate the conversion for a first-order reaction in any type of reactor. Not 


good when the RTD has a long tail that is difficult to interpret or interpolate. 


P13-2 (f) 


Decrease of 10 © in temperature 
See Polymath program P13-2-f.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 2.0Е+04 
Xbar 0 0 0.6023837 
к 0.0025446 0.0025446 0.0025446 
Сао 0.75 0.75 0.75 

X 0 0 0.9744692 
tau 1000 1000 1000 

t1 500 500 500 

E2 5.0Е-10 6.25Е-08 5.0Е+10 

Е 0 0 0.0023564 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = X*E 


Explicit equations as entered by the user 
(11 Kz.00493*exp(13300/1.9872*(1/323.15-1/313.15)) 
[2] Cao=.75 
[3] X=k*Cao*t/(1+k*Cao"t) 
[4] tau = 1000 
[5] И =tau/2 
[6] E2 = tau^2/2/(t^3+.00001) 
[7] E = if (t<t1) then (0) else (Е?) 
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final value 
0.6023837 
0.0025446 
0.75 
0.9744692 
1000 
500 
6.25E-08 
6.25E-08 


9.14 


0.00 


0 4000 8000, 12000 16000 20000 


The decrease of 10°C in temperature has the effect of reducing the mean conversion by 14%. 


Decrease in reaction order from 2" to pseudo 1" 
See Polymath program P13-2-f-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


t 0 0 

Xbar 0 0 

k 0.004 0.004 
Cao 0.75 0.75 

X 0 0 

tau 1000 1000 

t1 500 500 

E2 5.0Е-10 6.25Е-08 
Е 0 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = X*E 

Explicit equations as entered by the user 

11 К-0.004 

21 Сао-.75 

3] X= t-exp(-k't) 

[4] tau = 1000 

5] t1 = tau/2 

6] E2 = tau^2/2/(t^3+.00001) 


(t«t1) then (0) else (22) 


maximal value 


2.0E+04 
0.9391084 
0.004 
0.75 

1 

1000 

500 
5.0Е+10 
0.0024915 
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final value 


2.0Е+04 
0.9391084 
0.004 
0.75 


1000 

500 
6.25Е-08 
6.25Е-08 
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Тһе decrease in reaction order from 2™ to pseudo 1% has the effect of increasing the exit conversion by 20%. The 
smaller the dependency of the rate on C4 means that when Сл is below 1 mol/dm? then the rate of consumption of A is 


larger and hence resulting in a larger conversion. 


Exothermic reaction in adiabatic reactor: 
See Polymath program P13-2-f-3.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 

Xbar 0 0 

X 0 0 

T 323.15 323.15 
Cao 0.75 0.75 

tau 1000 1000 

ti 500 500 

E2 5.0Е+10 6.299Е-08 
Е 0 0 

к 0.01 0.01 


ODE Report (STIFF) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = X*E 
21 d(X)/d(t) = k*(1-X) 


Explicit equations as entered by the user 

[1] Ta 323.154500*X 

[2] Cao=.75 

[3] tau = 1000 

[4] И = tau/2 

[5] E2 = tau^2/2/(t^34-.00001) 

[6] E= if (t<t1) then (0) else (22) 

17) К = 0.01*exp(8000/1.9872*(1/323.15-1/T)) 


2.0Е+04 
0.999375 
1 

823.15 
0.75 

1000 

500 
5.0Е+1.0 
0.0022142 
19.337202 
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final value 


2.0Е+04 
0.999375 
1 

823.15 
0.75 

1000 

500 
6.299Е-08 
6.299Е-08 
19.337202 


а 4000 8000, 12000 16000 20000 


The mean conversion Xbar, the integral, is estimated to be 99.9%. The reaction is adiabatic and exothermic as the 
temperature increases to a maximum of 1373.15 K once the batch conversion within the globules has reached 100% 
which occurs after only — 4 seconds. Hence, the adiabatic increase in temperature considerably increases the rate at 
which conversions increases with time and hence also the final value. 


P13-2 (g) 
For a PFR, t=40min, second order, liquid phase, irreversible reaction with k=0.01 dm? /mol-min''. 
КТС 
= ——=2— = 0.76 
1 + КТС „о 


For а CSTR, t=40min, second order, liquid phase, irreversible reaction with k=0.01 dm? /mol-min'!. 


P ees ei 


1-х) 


Maximum Mixedness Model and Segregation model аге given in E13-7 


Maximum Mixedness Model 
See Polymath program P13-2-g.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 200 200 

х 0 0 0.5938635 0.5632738 
сао 8 8 8 8 

k 0.01 0.01 0.01 0.01 

lam 200 0 200 0 

са 8 3.2490705 8 3.4938093 
Е1 0.1635984 0.0028734 0.1635984 0.028004 

Е2 2.25Е-04 2.25E-04 0.015011 0.015011 

F1 5.6333387 0 5.6333387 0 

F2 0.9970002 0.381769 0.9970002 0.381769 

ra -0.64 -0.64 -0.1055646 -0.122067 

E 2.25E-04 2.25E-04 0.028004 0.028004 

F 0.9970002 0 0.9970002 0 

EF 0.075005 0.0220689 0.075005 0.028004 


ODE Report (RKF45) 


Differential equations as entered by the user 


13-7 


[1] %%/42) = -(га/сао+Е/(1-Р)*х) 


Explicit equations as entered by the user 
[1] cao=8 
[2] k=.01 
[3] lam = 200-2 
[4] са = сао*(1-х) 
[5] E1-4.44658e-10*lam^4-1.1802e-7*lam^3--1.353586-5*lam^2-.000865652*lam4.028004 
[61 E2 = -2.64e-9*lam^3-1.3618e-6*lam^2-.00024069*lam4.01501 1 
[7] F1 = 4.44658e-10/5*lam^5-1.1802e-7/4*lam^4--1.353586-5/3*lam^8-.000865652/2*lam^24-.028004*lam 
[8] 22 =-(-9.30769e-8*lam’3+5.02846e-5*lam2-.00941*lam+.618231-1) 
[9] ra = -к*са^2 
[10] E= if (lam<=70) then (E1) else (22) 
[11] F = if (lam<=70) then (F1) else (F2) 
[121 EF =E/(1-F) 


0.60 


Хм s Хе Sao Хар NONE, 
| 56% [61% 76% 
P13-2 (h) 


Liquid phase, first order, Maximum Mixedness model 
Rate Law: ~ra = КС where k; = C,,k =0.08min” 
СА = Сб (1 Е X) 
TA 
—A.=-k (1-X 
арх) 


Ао 


dX _ E(A 
кта —k(l- X)+ E 
dX А 
doc 14 к 


See Polymath program P13-2-h-1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2’ 0 200 200 

х 0 0 0.7829342 0.7463946 
сао 8 8 8 8 

k 0.08 0.08 0.08 0.08 

lam 200 0 200 0 

ca 8 1.7365447 8 2.0288435 
Е1 0.1635984 0.0028731 0.1635984 0.028004 
Е2 2.25E-04 2.25E-04 0.015011 0.015011 
F1 5.6333387 0 5.6333387 0 

F2 0.9970002 0.381769 0.9970002 0.381769 
ra -0.64 -0.64 -0.1389236 -0.1623075 
E 2.25E-04 2.25Е-04 0.028004 0.028004 
F 0.9970002 0 0.9970002 0 

EF 0.075005 0.0220691 0.075005 0.028004 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(x)/d(z) = -(ra/cao+E/(1-F)*x) 


Explicit equations as entered by the user 


[1] cao=8 

21 k=0.08 

31 lam = 200-2 
[4] са = сао*(1-х) 

5] E1-4.44658e-10*lam^4-1.1802e-7*lam^3--1.353586e-5*lam^2-.000865652*lam4-.028004 
[6] E2 = -2.64е-9*!ат^3+1.3618е-6*1ат^2-.00024069*1ат+.015011 


[7] Е1 = 4.44658e-10/5*lam^5-1.1802e-7/4*lam^4--1.35358e-5/3*lam^3-.000865652/2*lam^24-.028004*lam 
[81 F2 = -(-9.30769е-8*ат^3+5.02846е-5*ат^2-.00941*ат+.618231-1) 

[9] га = -К*са 

10] Е = if (lam<=70) then (E1) else (22) 

11] F = if (lam<=70) then (F1) else (F2) 

12] EF = E/(1-F) 


0.80 


0.64 


0.48 


0.32 


016 


"—— 
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At z = 200, i.e. А = 0 (exit), conversion X = 75 90. 

The decrease in reaction order from 2™ to 1* has the effect of increasing the exit conversion by 19%. Once the 
concentration of A drops below 1 mol/dm? then the rate of consumption of A does not fall as rapidly (as the 2™ order 
reaction) and hence resulting in a larger conversion. 

Liquid phase, third order, Maximum Mixedness model 


Rate Law: — ТА = kG? 
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Cro 

ах rn ЕЙ), 

41 C, 1-Е() 

dX 2 з ЕЯ) 

—=k'C,, 0-Х) -- X 
dz ёл 1-Е(4) 


See Polymath program P13-2-h-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


Where k'C 4o” = К = 0.08 шіп” 


1 


final value 


2 0 0 200 

х 0 0.4867311 
сао 8 8 8 

k 0.08 0.08 0.08 

lam 200 0 200 

ca 8 4.1061501 8 

El 0.1635984 0.0028733 0.1635984 
E2 2.25Е-04 2.25Е-04 0.015011 
F1 5.6333387 0 5.6333387 
F2 0.9970002 0.381769 0.9970002 
E 2.25E-04 2.25Е-04 0.028004 
Е 0.9970002 0 0.9970002 
EF 0.075005 0.0220689 0.075005 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
11 d(x)/d(z) = -(-k*(1-x)43+E/(1-F)*x) 


Explicit equations as entered by the user 


1] cao=8 
[2] k=0.08 
[3] fam = 200-2 


[4] са = cao'(1-x) 


6] E2--2.64e-9*lam^3--1.36186-6"lam^2-.00024069*lam4-.01501 1 


9] E = (lam<=70) then (E1) else (22) 
[10] F = if (lam<=70) then (F1) else (F2) 
[11] EF =E/(1-F) 


At z = 200, i.e. A = 0 (exit), conversion X = 46.1 %. 


200 
0.4614308 


.08 
.3085534 
.028004 
.015011 


.381769 
.028004 


оОООООСОСО ы ОО о 


.028004 


5] E1-z4.44658e-10*lam^4-1.1802e-7*lam^341.35358e-5*lam^2-.000865652"*lam-«.028004 


171 F1=4.44658e-10/5*lam‘5-1.1802e-7/4*lam“4+1.35358e-5/3*lam43-.000865652/2"*lam42+.028004"lam 
[8] F2 = -(-9.30769e-8*lam^3--5.02846e-5*lam^2-.00941*lam-.618231-1) 


The increase in reaction order from 2nd to 3rd has the effect of decreasing the exit conversion by 10%. Once the 
concentration of A drops below 1 mol/dm? then the rate falls rapidly and C4 is not consumed so quickly, resulting in a 


smaller conversion. 


Liquid phase, half order, Maximum Mixedness model 


Rate Law: – Га = КС 
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= КС, 1201-х)? Where k = &'C4, ^? = 0.08 тіп”! 


See Polymath program P13-2-h-3.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 200 200 

х 0 0 0.9334778 0.9038179 
сао 8 8 8 8 

k 0.08 0.08 0.08 0.08 

lam 200 0 200 0 

ca 8 0.532148 8 0.7694568 
E1 0.1635984 0.002873 0.1635984 0.028004 
E2 2.25E-04 2.25Е-04 0.015011 0.015011 
F1 5.6333387 0 5 .6333387 0 

Е2 0.9970002 0.381769 0.9970002 0.381769 
Е 2.25Е-04 2.25E-04 0.028004 0.028004 
F 0.9970002 0 0.9970002 0 

EF 0.075005 0.0220677 0.075005 0.028004 


ODE Report (RKF45) 


Differential equations as entered by the user 


(11 


d(x)/d(z) = -(-k*(1-x)\.5)+E/(1-F)*x) 


Explicit equations as entered by the user 


[1] 
121 
[3] 
41 
51 
(61 
[7] 
81 
91 


сао = 8 

k = 0.08 

lam = 200-2 

ca = cao*(1-x) 

E1 = 4.44658e-10*lam4-1.1802e-7*lanm3+1.35358e-5*lam/2-.000865652*lam+.028004 

22 = -2.64e-9*lam^341.3618e-6*lam^2-.00024069*lam4-.01501 1 

F1 = 4.44658e-10/5*lam45-1.1802e-7/4*lam4+1 .35358e-5/3*lam43-.000865652/2*lam42+.028004*lam 
F2 = -(-9.30769e-8*lam^8--5.02846e-5*lam^2-.00941*lam4-.618231-1) 

E = if (lam<=70) then (E1) else (E2) 


10] Е = if (lam<=70) then (F1) else (22) 
11] EF =E((1-F) 
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At z = 200, i.e. 7 = 0 (exit), conversion X = 90 96. 

The decrease in reaction order from 2™ to % has the effect of increasing the exit conversion by 34%. The smaller the 
dependency of the rate on C4 means that when СА falls below 1 mol/dm? then the rate of consumption of A does not fall 
as rapidly ( as the 2™ order reaction) and hence resulting in a larger conversion. 


P13-2 (i) 
Assymetric RTD: 
See Polymath program Р13-2-1-1.ро! 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 2.52 2.52 

ca 1 0.0228578 1 0.0228578 
cb 1 0.2840909 1 0.2840909 
cc 0 0 0.3992785 0.3992785 
cabar 0 0 0.1513598 0.1513306 
cbbar 0 0 0.4543234 0.4539723 | 
ccbar 0 0 0.3570959 0.3566073 
cd 0 0 0.3178411 0.2612331 
ce 0 0 0.3166306 0.3166306 
cdbar 0 0 0.3029636 0.3026417 
cebar 0 0 0.1782569 0.1778722 
т 350 350 350 350 

кі 1 1 1 1 

k2 1 1 1 1 

Е1 -0.004 -27.414373 0.958793 -27.414373 
Е2 -27.402 -27.402 0.9557439 -0.0272502 
rc 1 0.0064937 i 0.0064937 
k3 1 1 1 1 

ra -2 -2 -0.0293515 -0.0293515 
ге 0 0 0.1762951 0.0742139 
Е -0.004 -0.0272502 0.958793 -0.0272502 
rb -1 -1 -0.0807076 -0.0807076 
5са 0 0 1.5284379 1.5284379 
Sde 0 0 42.398031 0.8250406 
rd 1 -0.0522659 1 -0.0513561 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(cayd(t) = ra 
[2] d(cbyd(t) = rb 
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далија 


31 d(coyd(t) = гс 
[4] d(cabar)/d(t) = ca*E 
[5] d(cbbar)/d(t) = cb*E 
[6] d(ccbar)/d(t) = cc*E 
7] d(cd)/d(t) = га 
81 d(ce)/d(t) = re 
9) d(cdbar)/d(t) = cd*E 
101 d(cebar)/d(t) = ce*E 


Explicit equations as entered by the user 

[1] Т= 350 

2] k1 = ехр((5000/1 .987)*(1/350-1/Т)} 

[3] k2 = exp((1000/1.987)*(1/350-1/T)) 

4j E1 = -2.104*t^44-4.167"1^8-1.596*t^24-0.353*t-0.004 
5] E2-«-2.104*t^4--17.037"*t^3-50.247*1^24-62.964*1-27.402 
6] rc = ki*ca*cb 

7] КЗ = exp((9000/1.987)*(1/350-1/T)) 

8] га = -кі*са*ср-К2*са 

9] re = k3*cb*cd 

10] E=if(t<=1.26)then(E1)else(E2) 

11] rb = -k1*ca*cb-k3*cb*cd 

12] Scd = cc/(cd+.000000001) 

[13] Sde = cd/(ce+.000000000001) 

14] rd = k2*ca-k3*cb*cd 


If the temperature is raised, the conversion of A increases. The selectivity Saa increases with temperature and Sq. 


decreases with increasing temperature 


Bimodal RTD 
See Polymath program P13-2-i-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


"2 0 0 6 

са 1 0.2660482 1 

cb 3 0.5350642 1 

сс 0 0 0.2872257 
Е 0.99 -0.0033987 0.99 

са 0 0 0.2692177 
се 0 0 0.1929233 
сро 1 l 1 

cao 1 E 1 

cco 0 0 0 

cdo 0 0 0 

сео 0 0 0 

Тат 6 0 6 

T 350 350 350 

k2 i i 1 

кі 1 1 1 

re 1 0.1424065 1 

k3 1. 1 1 

El 346.34561 0.1019474 346.34561 
E2 6737.4446 0.0742397 6737.4446 
ЕЗ 0.00911 0.0061156 1.84445 
ге 0 0 0.1694414 
ra -2 -2 -0.4084547 
rb -1 -1 -0.28635 

Е 0.00911 0.0061156 0.6288984 
ЕЕ 0.911 0.2083818 1.8694436 
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final value 


воннфоооовнносоооом 


0. 


сл 
о 


.2660482 
.5352659 
.2745726 
.0033987 
.2692177 
.1901615 


1424065 


20909 


925.46463 


із 
0. 
-0. 
-0. 
0. 
0. 


84445 
144103 
4084547 
2865096 
20909 
2083818 


rd 1 0.1219452 1 0.1219452 
Sed 0 0 1.0856272 1.0198908 
Sde 0 0 17.698981 1.4157321 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(ca)/d(z) = -(-га+(са-сао)*ЕР) 
[2] d(cb)/d(z) = -(-rb+(cb-cbo)*EF) 
[3] d(cc)/d(z) = -(-rc+(cc-cco)*EF) 
[4] d(Fyd(z) = -Е 
151 d(cdyd(z) = -(-rd+(cd-cdo)*EF) 
161 d(ce)/d(z) = -(-re»(ce-ceo)'EF) 


Explicit equations as entered by the user 
[1] cbo- 1 
[2] cao = 1 
[3] cco=0 
[4] cdo=0 
[5] ceo- 0 
[6] lam = 6-2 
[7] Т= 350 
[8] К2 = exp((1000/1.987)*(1/350-1/T)) 
[9] k1 = ехр((5000/1 .987)*(1/350-1/Т)) 
[10] гс = kt*ca*cb 
[11] КЗ = exp((9000/1.987)*(1/350-1/T)) 
[12] E1 = 0.47219"ат^4-1.30733*ат^3+0.31723ат^2+0.85688ат+0.20909 
[13] E2 = 3.83999*ат^6-58.16185*1ат^5+366.2097ат/^4-1224.66963*ат^3+2289.84857*атл^2- 
2265.62125*lam+925.46463 
[14] ЕЗ = 0.00410*lam4-0.07593*lam‘3+0.52276"lam‘2-1.59457*lam+1.84445 
[15] rez k3*cb*cd 
[16] ra=-k1*ca*cb-k2*ca 
[17] rb = -k1*ca*cb-k3*cb*cd 
[18] Е -if(lam«z1.82)then(E1)else(if(lam«-2.8)then(E2)else(E3)) 
[19] EF=E/(1-F) 
[20] rd =k2*ca-k3*cb*cd 
[21] Scd = сс/(са+.0000000001) 
1221 Sde =cd/(ce+.0000000001) 


If the temperature is raised, the conversion of A increases. The selectivity За increases with temperature and Sae 
decreases with increasing temperature 


P13-2 (j) 


Exothermic Reaction: E=45Kj/mol 
See Polymath program Р13-2-1-1.ро! 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 200 200 

х 0 0 0.9628524 0.9579239 
сао 8 8 8 8 

T 320 320 464.4279 463.68858 
lam 200 0 200 0 

ca 8 0.2971785 8 0.3366089 
El 0.1635984 0.0028744 0.1635984 0.028004 
E2 2.25Е-04 2.25Е-04 0.015011 0.015011 
Fi 5.6333387 0 5.6333387 9 

Е2 0.9970002 0.381769 0.9970002 0.381769 


k 0.01 0.01 1.924805 1.8893687 
E 2.25E-04 2.25E-04 0.028004 0.028004 
Е 0.9970002 0 0.9970002 0 

EF 0.075005 0.0220681 0.075005 0.028004 
ra -0.64 -0.8227063 -0.1699892 -0.2140759 


ODE Report (RKF45) 


Differential equations as entered by the user 
1} d(x)/d(z) = -(га/сао+Е/(1-Р)*х) 


Explicit equations as entered by the user 
1] cao=8 
Т = 320+150*x 
lam = 200-z 
1 са = cao'(1-x) 
1 Е1 = 4.44658e-10*lam4-1.1802e-7*lam‘3+1.35358e-5*lam/2-.000865652*lam+.028004 
E2 = -2.64е-9*ат^3--1.3618е-6*ат^2-.00024069ат+.015011 
F1 = 4.44658e-10/5*lam^5-1.1802e-7/4*lam^4--1.35358e-5/3"lam^3-.000865652/2*lam^24-.028004*lam 
F2 = -(-9.30769e-8*lam^34-5.02846e-5*lam^2-.00941*lam--.618231-1) 
] k= .01*ехр(45000/8.314*(1/320-1/Т)} 
10] Е = if (lam«-70) then (E1) else (22) 
11] F = if (lam<=70) then (F1) else (F2) 
12] EF =E/(1-F) 
[13] га = -К*са^2 


К 


һа а 


о сода слово 
Eu E а, 


M 40 80 | , 120 160 200 


Endothermic Reaction: E=45Kj/mol 
See Polymath program Р13-2-1-1.ро! 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 200 200 

х 0 0 0.3017158 0.2860515 
сао 8 8 8 8 

т 320 289.82835 320 291.39485 
lam 200 0 200 0 

са 8 5.5862683 8 5.7115879 
Е1 0.1635984 0.0028739 0.1635984 0.028004 
Е2 2.25E-04 2.25Е-04 0.015011 0.015011 
F1 5.6333387 0 5.6333387 0 
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ши Ww 
№ 


EF 
ra 


.9970002 
.01 
.25Е-04 
.9970002 
.075005 
.64 


ооомхоо 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] d(x)/d(z) = -(ra/cao+E/(1-F)*x) 


ососсомосос 


-381769 
-0017191 
.25Е-04 


.0220679 
.64 = 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
5] 
[6] 
[7] 
8] 

[9] 

[10] 
111 
121 


131 


сао-8 

T = 320-100*x 
lam = 200-z 
ca = cao*(1-x) 


- 9970002 
.01 

.028004 
.9970002 
.075005 
.0536459 


осоооосоос 


"381769 
.0019006 
.028004 


.028004 
.0620023 


E1 = 4.44658e-10*lam™4-1.1802e-7*lam‘3+1.35358e-5*lam42-.000865652*lam+.028004 


22 = -2.64e-9*lam^34-1.3618e-6*lam^2-.00024069*lam4.01501 1 


F1 = 4.44658e-10/5*lam^5-1.1802e-7/4*lam^44-1.353586-5/3*lam^3-.000865652/2*lam^24..028004*lam 

F2 = -(-9.30769e-8*lam‘3+5.02846e-5*lam2-.0094 1*lam+.618231-1) 

k = .01*exp(45000/8.314*(1/320-1/T)) 
E = if (lam<=70) then (E1) else (E2) 
F = if (lam<=70) then (F1) else (F2) 


EF = E/(1-F) 
га = -k*ca^2 


Р13-2 (К) 
Вазе сазе: 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 
[2] 
[3] 


d(Ca)/d(t) = ra/vo 
d(Cb)/d(t) = rb/vo 
d(Cc)/d(t) = rc/vo 


40 80 120 


200 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 


[6] 


мо = 10 

k1 = 1 

k2 = 1 

tau = 1.26 
га = -k1*Ca 
гс = К2*СЬ 
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PE а ақым ыы ee арт 


[7] Cao=1 
[8] x= 1-Ca/Cao 
[9] rb = k1*Ca-k2*Cb 


See Polymath program P13-2-k-2.pol 


POLYMATH Results 

NLES Solution 
Variable Value £ (x) _ Ini Guess 
са 0.4424779 4.704E-10 1 
cb 0.2466912 -3.531Е-10 0 
сс 0.3108309 0 0 
cao 1 
tau 1.26 
cbo 0 
ссо 0 
k1 Ч 
к2 1 
та -0.4424779 
re 0.2466912 
rb 0.1957867 


NLES Report (safenewt) 


Nonlinear equations 

11 са) = cao+ra*tau-ca = 0 
[2] f(cb) = cbo+rb*tau-cb = 0 
3] Кос) = cco+rc*tau-cc = 0 


Explicit equations 
1] cao=1 

[2] tau=1.26 

3] cho=0 

4] cco=0 

5] k1=1 

(61 k2=1 

[7] га = -К1*са 

8] гс = k2*cb 

91 rb =k1*ca-k2*cb 


See Polymath program P13-2-k-3.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


13-17 


Variable initial value minimal value maximal value 


t 0 0 2.52 

са 1 0.0804596 1 

cb 0 0 0.3678466 
сс 0 0 0.7167822 
cabar 0 0 0.3050655 
cbbar 0 0 0.3350218 
ccbar 0 0 0.3476989 
k1 1 1 1 

к2 1 1 1 

cao 1 1 1 

Е1 -0.004 -27.462382 0.9523809 
Е2 -27.402 -27.402 0.9568359 
ra -1 -1 -0.0804596 
rc 0 0 0.3678269 
x 0 0 0.9195404 
rb 1 -0.1353314 1 

E -0.004 -0.0272502 0.9568359 


ОПЕ Report (RKF45) 


Differential equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 


d(ca)/d(t) = ra 
d(cb)/d(t) = rb 
d(cc)/d(t) = rc 
d(cabar)/d(t) = ca*E 
d(cbbar)/d(t) = cb*E 
d(ccbar)/d(t) = cc*E 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 


ki=1 

k2=1 

cao = 1 

E1 --2.1044/4--4.164Ч/3-1.596Ч/2--0.353Ч-0.004 

E2 = -2.104*1^4--17.037*1^3-50.247*1^24-62.964"*t-27 .402 
ra = -k1*ca 

гс = k2*cb 

х = (сао-са)/сао 

rb = k1*ca-k2*cb 


[10] E=if(t<=1.26)then(E1)else(E2) 


Asymmetric RTD 


See Polymath program P13-2-k-4.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 7 
ca 1 9.119Е-04 1 
cb 0 0 0.3678325 
сс 0 0 0.9927049 
cabar 0 0 0.3879174 
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final value 


= ~ => оооооом~м 


=2 
-0 
-0 


0. 
0. 


-0 
-0 


final value 


.52 
.0804596 
.2027582 
.7167822 
.304964 
.3347693 
.3468313 


7.462382 
.0272502 
.0804596 
2027582 
9195404 
.1222986 
.0272502 


.119Е-04 
.0063832 
.9927049 
.3879174 


cbbar 0 0 0.2782572 
ccbar 0 0 0.3271713 
ki 1 $ T 

k2 1 1 1 

cao 1 BE 1 

Е1 0.20909 0.1017293 707.06552 
Е2 925.46463 0.074462 3.072Е+04 
“а -1 -1 -9.119E-04 
rc 0 0 0.3675057 
x 0 0 0.9990881 
rb 1 -0.1353022 1 

E4 0 0 0 

E3 1.84445 0.0061369 1.84445 

E 0.20909 0 0.628067 


ODE Report (RKF45) 


Differential equations as entered by the user 


d(ca)/d(t) = ra 
d(cb)/d(t) = rb 
31 d(cc)/d(t) = rc 


1 d(cabar)/d(t) = са*Е 
1 d(cbbar)/d(t) = cb*E 
1 d(ccbar)/d(t) = сс*Е 


Explicit equations as entered by the user 


1] k121 
2] k2=1 
[3] cao=1 
41 
[5] 
6] ra=-ki*ca 

71 гс = kK2*cb 

8] x- (сао-са)/сао 
9j 


10] E4=0 


rb = k1*ca-k2*cb 


E1 = 0.47219*1^4-1.30733*1^84-0.31723"*1^24-0.85688't«0.20909 
E2 = 3.83999*1^6-58.16185*1^5.-366.20970*t^4-1224.66963*1^8.-2289.84857*1^2-2265.62125*1«925.46463 


11] ЕЗ = 0.00410*t^4-0.07593*t^34.0.52276*t^2-1.59457*t&1.84445 
12] Е =if(t<=1.82)then(E1)else(if(t<=2.8)then(E2)else(if(t<6)then(E3)else(E4))) 


Bimodal RTD 

Segregation Model | K/K;-1 K/K;-2 
C4 0.388 0.213 
Св 0.350 
Се 0.430 
X 0.787 


Maximum 
Mixedness 


P13-2 (І-ғ) No soi 


ution will be given at this time. 
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0.2782572 
0.3271713 
1 


707.06552 
3.072Е+04 
.119E-04 
0.0063832 
0.9990881 
.0054713 


0 
0.09781 
0 


К,К,-0.5 


0.306 


P13-3 
Equivalency Maximum Mixedness and Segregation model for first order reaction: 


dC E(A) 


Maximum Mixedness Model: ——4- = КС ХЭТ 1 ( ДЕ d „) 
: А ( ) А ( ) 
4C, |, EU) |, --СеЕй 
Rearranging | + 1 Al A 1 ( ) 


dA 1- F(A) 
afl). 
с, ее E E(A)e |: 20 а : 
= 1-50) 
| ru 
с, ега „_[ say se Tenn 
Е г-Р0) 


by definition E (М (A) = dF (A) 


Е(4) а 
Te 2 Ше = ет = (1 F(A) 


gives: 


changing the variables from À to t in the RHS integral: 


~ e@(-F(A)= | 558 А г 


Ао 1- F(t) 


Ak 
= е -k 
C,-C,, I FU) | Ee" ai а) 


Exit concentration is when A=0, F(0)=0 hence eqn (1) becomes: 


C, = Си | E(re “а 


This is the same expression as for the exit concentration for the Segregation model. 
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P13-4 (a) 


Mean Residence Time 


By definition ЇЕ (t)dt =1. The area of the semicircle representing the E(t) is given by A= a =] 
0 


2 1 2 5 
т = .|— . For constant volumetric flow 1, = 7 = ,|— =0.8min. 
Л V/A 


P13-4 (b) 
Variance 


oo 


о? = fr- c E@at = [PEO - e? 
0 


0 
оо 2r RN 0 
| Elar = [r Jt? - (t- cy dt =-т* сов? (х)+ 2cos(x)+ за? (x)dx = Me 
0 0 л 
o = M oh ұз. 28 20158 
8 27 
Using Polymath: 


See Polymath program P13-4-b pol 


——SÀ—HM— 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 1.596 1.596 

sigma 0 0 0.1593161 0.1593161 
tau 0.7980869 0.7980869 0.7980869 0.7980869 
ti 1.5961738 1.5961738 1.5961738 1.5961738 
E2 0 0 0.7980614 0.0166534 
E 0 0 0.7980614 0.0166534 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(sigma)/d(t) = (t-tau)^2*E 


Explicit equations as entered by the user 
[1] tau = (2/8.14)^0.5 
[2] И = 2*tau 
[3] E2 = (t*(2*tau-t))(1/2) 
[4] E = if (t<t1) then (22) else (0) 
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and 


0.20 


0.16 


" sigma 


0.12 


0.08 


0.04 


000 00 — 032 064, 096 128 1.60 


P13-4 (c) 


Conversion predicted by the Segregation model 


X= І X (t)E(t)dt 
0 


X(t) =1-e" 

v 27 12 

X =1- АЫ -(-2}] dt 
0 


See Polymath program Р13-4-с.ро! 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 1.596 
Xbar 0 0 0.4447565 
tau 0.7980869 0.7980869 0.7980869 
tl 1.5961738 1.5961738 1.5961738 
Е2 0 0 0.7980671 
Е 0 0 0.7980671 
к 0.8 0.8 0.8 

x 0 0 0.7210716 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(Xbaryd(t) = X*E 


Explicit equations as entered by the user 
[1] tau = (2/3.14)^0.5 
[2] tt =2*tau 
[3] E2 = (t'(2*tau-t)^(1/2) 
[4] E= if (t<t1) then (22) else (0) 
[5] k=.8 
[6] X= t-exp(-k't) 
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final value 
.596 

.4447565 
.7980869 


Em 
0 
0 
1. 
0 
0 
0 
0 


5961738 


.0166534 
.0166534 
.8 

.7210716 


mc 


> 
л 


0.4 


03 


0.2 


0.1 


4 
00 000 0.319 0.638, 0.958 1277 15% 


X = 44.5% 
Р13-4 (d) 


Conversion predicted Бу the Maximum Міхейпеѕѕ model 


dX ғ E (A) 


Их 
Z -ii-x)- AO x 


See Polymath program Р13-4-а pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 1.596 1.596 

х 0 0 0.4445289 0.4445289 
Е 1 ~5.053E-04 1 -5.053Е-04 
k 0.8 0.8 0.8 0.8 

lam 1.596 0 1.596 0 

tau 0.7980869 0.7980869 0.7980869 0.7980869 
Ei 0.0166534 0 0.7980666 0 

E 0.0166534 0 0.7980666 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(x)/d(z) = -(-k*(1-x)+E/(1-F)*x) 
21 d(F)/d(z)=-E 


"Explicit equations as entered by the user 
1] k=.8 

2] lam = 1.596-z 

31 tau = (2/3.14)^0.5 

4j E1 = (tau^2-(lam-tau)^2)^0.5 

5] E = if (lam<=2*tau) then (E1) else (0) 


13-23 


0-0 0.000 0.319 0.638, 0.958 1277 1.596 


X = 44.5% as for the Segregation Model, but we knew this because for first order reactions Xseg = 
XMM 


P13-5 (a) 


The cumulative distribution function F(t) is given: 


The real reactor can be modelled as two parallel PFRs: 


The relative E(t) = 1 ó(t - c) 26 (t-r) 


Mean Residence Time 


1 
Га = [ағ = (10min*1) + (20min*0.75) = 25min 
0 
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or 


1 3 MER: | 
= кой = и 15 Ha =25min 


P13-5 (b) 


Variance 


enn T Fou = fei. eot) h-e) a= la ore ilen) 


= 75min? 


P13-5 (c) 
For a PFR, second order, liquid phase, irreversible reaction with k = 0.1 dm? /mol-min'!, т = 25 min and Сло= 1.25 
mol/dm? 


Х ==-=- 2 КЕ uo — = 0.758 


1+kC,, 


For a CSTR, second order, liquid phase, irreversible reaction with К = 0.1 dm? /mol-min™, т = 25 min and C4, 1.25 
mol/dm? 


X 


————— = КС, ә X = 0.572 
(1- xy Ao 


For two parallel PFRs, ті = 10 min and v; = 30 min, Fag = 1/4Бао and Fam = = 3/4Fag , second order, liquid phase, 
irreversible reaction with К = 0.1 dm? /mol-min™ and C,,= 1.25 mol/dm? 


k 
Ca =C; БК Бе 8 = 0.556mol / dm? 
1--Кт,С,, 


кт,С 
С» = Cao — 22 C, -0263то/ dm? 
1--КТ:С,, 


1 
УС ло = =УСд eus 
Жаа ut. га) 
VC 


P13-5 (d) 


1-Conversion predicted by the Segregation Model 
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SA T Сы [1 3 
= E(t)dt = | ——*2—| —d(t- 7, ) + — S(t - T) dt = 
X po (Дай E (r n)*4 ( 8) t 


d M Ad АЕА i 
АС 41-КС,,т, 


2-Conversion predicted by the Maximum Mixedness model 


dX _ r, E(A) 


ал Са 1-F(A) 
ra = КС = КС, 1-Х) 


dX 2, E(A) 
—=-kC,,(1- X) +-——ЩХ 
dA т: 1- F(A) 
We need to change the variable such the integration proceeds forward: 
K с (-ху-- EL у 
dz 1- F(T - z) 


See Polymath program P13-5-d.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 40 40 

x 0 0 0.7125177 0.7061611 
Е 0.9999 -1.081Е-04 0.9999 -1.081Е-04 
сао 1.25 1.25 1.25 1.25 

k 0.1 0.1 0.1 0.1 

lam 40 0 40 0 

ca 1.25 0.3614311 1.25 0.3672986 
t1 10 10 10 10 

t2 30 30 30 30 

E3 0 0 0 0 

ra -0.15625 -0.15625 -0.0130632 -0.0134908 
Е2 1.25 1.25 1.25 1:25 

El 1.25 1.25 1.25 1.25 

E 0 0 1.25 0 

EF 0 0 2.8604931 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(x)/d(z) = -(ra/cao--E/(1-F)*x) 
[2] d(F)/d(z) = -E 


Explicit equations as entered by the user 
[1] сао = 1.25 
{2] k=.1 
ІЗІ lam = 40-2 
[4] ca=cao*(1-x) 
[5] t12 10 
[6] 2-30 
[7] ЕЗ-0 
[3] га = -к*са^2 
(91 E2=0.75/(t2*2*(1-0.99)) 
[10] E1 = 0.25/(11*2*(1-0.99)) 
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[11] Е = if ((lam»-0.99*tt)and(lam«1.01*t1)) then (E1) else( if ((lam>=0.99*t2)and(lam<1.01*t2)) then (E2) else (E3)) 
[12] EF = E/(1-F) 


Хаи 
0.731 0.706 0.731 0.758 0.572 
Р13-5 (е) 


Adiabatic Reaction E=10000cal/mol and T = 325 – 500Х 


Introducing the enthalpy balance: Т = 325 — 500X апа the constitutive equation for 
k = kaps e (49900/831450/325-1T) in the MM model. 


The conversion is drastically reduced. 


P13-5 (f) 


Conversion Predicted by an ideal laminar flow reactor 
For a LFR, second order, liquid phase, irreversible reaction with k = 0.1 dm? /mol-min'!, т = 25 min and C,, = 1.25 
mol/dm? 


We apply the Segregation model, using Polymath: 
ktC 0 for t « 12.5 min 
= ара E(t) = DE | 
1+kiC,, 625/(2t^)min for t 212.5min 
See Polymath program P| 3-5-e.pol 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 300 300 

xbar 0 0 0.7077852 0.7077852 
сао 1.25 1.25 1.25 1.25 

k 0.1 0.1 0.1 0.1 

tau 25 25 25 25 

EL 3.125E+06 1.157E-05 3.125E+06 1.157Е-05 
tl 12.5 12.5 12.5 12.5 

E 0 0 0.0991813 1.157Е-05 
х 0 0 0.974026 0.974026 


ОПЕ Report (ККЕ45) 


Differential equations as entered by the user 
11 d(xbar)/d(t) = x*E 


Explicit equations as entered by the user 
1] cao=1.25 

[2] k=.1 

31 tau=25 

[4] E1 = tau^2/2/(^30.0001) 

5] И =tau/2 

6} E=if(t<t1) then (О) else (Е1) 

7} х= k*cao*t/(1+k*cao"t) 
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We can compare with the exact analytical formula due to Denbigh. 


X= 2L = (28 In(14- 2/ рој = 0.709 with Ра= КСдет 


Р13-6 (а) 
E(t) 


0.1 


Mean Residence Time 


| 21,0.2 
By definition | E(t)dt =1. The area of the triangle representing the E(t) is given Бу А = EC 21 
ћ =Smin. ~ 
t, 
— ift<t, 
f 
1 А 
E(t) = go -24 if t, «t x21, 
1 
0 otherwise 


= Е(\ = fra- has] pee 


gh 


P13-6 (b) 


Variance 


e? = а-а.) у Eat = [reo (Ға -12 
0 


2 
ІЗЕ(Сш =й and 0° -24 – 12 zin 


s ЕНИР 
6 6 


D CL 


See Polymath program P13-6-b.pol 


POLYMATH Results 
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pr À—ÀMMM—À 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 10 10 

sigma 0 0 4.1666667 4.1666667 
tau 5 5 5 5 

tl 10 10 10 10 

El 0 0 0.4 0.4 

E2 0.4 0 0.4 0 

Е 0 0 0.1989341 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
1] d(sigma)/d(t) = (Наи)^2*Е 


Explicit equations as entered by the user 


1] tau=5 
(21 11 =2*tau 
3j E1 = t/tau^2 


4] E2 = -(t-2*tau)/tau^2 
5] Е = if (t«tau) then (E1) else (if(t<=t1)then(E2)else(0)) 


o°=4.167min? 


P13-6 (c) 
For а PFR, second order, liquid phase, irreversible reaction with КСА, =0.2 min !,t-5 min 
КТС 
=---_-22 = 0,5 
1 + К7С 4, 
For a CSTR, second order, liquid phase, irreversible reaction with КСА, =0.2 пт" л=5 min 
X 
= Сл, X =0.382 
(1-х) 
P13-6 (d) 


1-Segregation model 
See Polymath program P13-6-d-1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 15 15 | 
Xbar 0 0 0.4767547 0.4767547 | 
к1 0.2 0.2 0.2 0.2 | 
х 0 0 0.75 0.75 | 
сап 5 5 5 5 | 
t1 10 10 10 10 | 
Е1 0 0 0.6 0.6 | 
Е2 0.4 -0.2 0.4 -0.2 | 
Е 0 0 0.1978698 0 | 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = X*E 
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Explicit equations as entered by the user 


[1] k1=.2 
[2] X=kt*t/(1+k1"t) 
[3] tau=5 


[4] t1 =2*tau 

[5] Et = Utau^2 

[6] E2 = -(t-t1)/tau^2 

[7] E= if (t<tau) then (E1) else(if(t<=t1)then(E2)else(0)) 


0.5 


0.4 


^ Хаг | 


0.3 


0.2 


0.1 


X = 47.7% 
2-Maximum Mixedness Model 


ЕС Ао =k’ 


See Polymath program P13-6-d-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 20 20 

х 0 0 0.6642538 0.4669205 
Е 1 -7.513E-06 + -7.513E-06 
k 0.2 0.2 0.2 0.2 

lam 20 0 20 0 

tau 5 5 5 5 

El 0.8 0 0.8 0 

t1 10 10 10 10 

E2 -0.4 -0.4 0.4 0.4 

E 0 0 0.1994823 0 


ODE Report (RKF45) 
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m—— —— 


Differential equations as entered by the user 
11 d(x)/d(z) = -(-К*(1-х)^2+Е/(1-Р)*х) 
21 d(F)/d(z) = -E 


Explicit equations as entered by the user 

11 К-02 

21 lam = 20-2 

31 tau=5 

4] Е1 = јатлаш 2 

5] t1-2"tau 

6] Е2 = -(lam-tt)/tau^2 

7] Е = if (lam«tau) then (E1) else(if (lam<=t1) then(E2)else (0)) 


X =46.7% 


P13-6 (e) 

Laminar Flow Reactor 

For a LFR, 2nd order, liq. phase, irreversible reaction КСА, =0.2 тіп! ,t=5 min. 
We apply the segregation model, using Polymath: 


бы а "S 0 for t « 2.5min 
Е ап ї) = 
2510213) min ! for t > 2.5 тіп 


14 HC, 
See Polymath program P 13-6-e.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 300 300 

xbar 0 0 0.4506243 0.4506243 
kcao 0.2 0.2 0.2 0.2 

tau 5 5 5 5 

El 1.25Е+05 4.63E-07 1.25Е+05 4.63Е-07 
t1 2.5 2.5 2.5 2.5 

E 0 0 0.0549822 4.63E-07 
x 0 0 0.9836066 0.9836066 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(xbar)/d(t) = ХЕ 


Explicit equations as entered by the user 
1] kcao = 0.2 

2] tau- 5 

31 E1 = 1аи^2/2/(1^3+0.0001) 

4] t1 =tau/2 

5] E= if (t<t1) then (0) else (E1) 

161 x= kcao"t/(14kcao'"t) 


We can compare with the exact analytical formula due to Denbigh. 


Х = рај = (22) 11(1+2/ 2 = 0.451 with Ра= КСлот 
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pentane 


0.451 0.467 0.382 
P13-7 
Irreversible Liquid phase, half order, Segregation model. 
Meanconversion X — [x (t )E (r)at = 0.1 (1) 


Assume a Gaussian distribution for E(t): 


1 (t-r? 1 (-5) 
Ett === == ехр = = —=== exp) rub. eee to ee 
0 о-/27 | 2.07 | 342r | 23° 
1/2 
E = pea (1 - ху” and C,,=1 mol/dm? 
dt С, 
The only unknown КІ is estimated solving with a trial and error method Eq(1). 


Using POLYMATH: К; = 0.0205 mol!?/dm>” 5 


слала пао ....... 


Р13-8 (а) 
The E(t) is a square pulse 


ЦЕГ 
| || 
22:32 


0 05 1 15 2 25 3 | 


60 


Third order liquid-phase reaction: гд = КСА? with Ca, = 2шо1/4ш and К = 0.3 dm*/mol?/min ( Isothermal Operation) 


1-Conversions 


Segregation Model 


X(t) =1- : 


Jc, oni) 


2 E 
с. : 1 42kC2, 1 
X = |ХФЕФа = | 1-  ———— = Е 
0 1 J 2kC 401 +1 : Ao 


See Polymath program P13-8-a-1.pol 
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POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


E 0 0 2 2 

Xbar 0 0 0.5296583 0.5296583 
k 0.3 0.3 0.3 0.3 

Cao 2 2 2 2 

t1 1 1 1 1 

E2 alt 1 1 1 

Е 0 0 1 1 

X 0 0 0.5847726 0.5847726 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(Xbar)/d(t) = X*E 


Explicit equations as entered by the user 
1] k=.3 
21 Cao=2 
111541 
[4] E2=1 
[5] E = (t>=t1) then (22) else (0) 
61 X = 1-1/(1+2*k*Cao’2*t)A(1/2) 


2-Maximum Mixedness Model 


гү--КСү, = Са 1-Х) 


ах 


22-с? (1-Х) . Er-z) 
dz 


1- F(T - z) 


See Polymath program Р13-8-а-2.ро! 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 2 2 
х 0 0 0.5215389 0.5215389 
F 0.9999 -9.999Е-05 0.9999 -9.999Е-05 
сао 2 2 2 2 
к 0.3 0.3 0.3 0.3 | 
lam 2 0 2 0 | 
са 2 0.9569223 2 0.9569223 | 
Е1 1 1 1 1 | 
ra -2.4 -2.4 -0.2628762 -0.2628762 | 
+2 2 2 2 2 | 
t1 1 1 1 1 | 
Е 1 0 1 0 | 
ЕЕ 1.0Е+04 0 1.0Е+04 0 | 
| 
| 
i 
i 
i 


13-33 


pene 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(x)/d(z) = -(ra/cao--E/(1-F)*x) 
21 d(F)/d(z) =-E 


Explicit equations as entered by the user 
[1] сао-2 

[2] k=.3 

[3] lam = 2-2 

[4] ca=cao*(1-x) 

[5] Е1-1 

[6] га = -к*са^З 

[7] t2=2 

[8] 1-1 

[9] Е = if ((lam>=t1)and(lam<=t2)) then (E1) else(0) 
[10] EF = E/(1-F) 


| 
© 


d 
The conversion shows an inflection point in correspondence of z = 1, where start the pulse PFE = 


P13-8 (b) 
Introducing in the Segregated Model and in the MM Model : 
k=k .е (20000%1/300-1/Т)) 

77 95300 


See Polymath program P13-8-b-1.pol and P13-8-b-2.pol 


The discrepancy is greatest at 300K 


P13-8 (c) 


Adiabatic Reaction 
Introducing the enthalpy balance: 


— AH 

ТЕГ, + CAM ex) y _ 305 + 40000 y 
Сы 50 

See Polymath program P13-8-c. pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 5 5 

Xbar 0 0 0.8949502 0.8949502 
ko 0.8948702 0.8948702 0.8948702 0.8948702 
tl 1 1 1 1 

E2 1 1 1 1 

t2 2 2 2 2 

Cao 2 2 2 2 

E 0 0 1 0 

к 7.6864651 7.6864651 7.6864651 7.6864651 
То 305 305 305 305 
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X 0 0 0.9430621 0.9430621 
T 305 305 1059.4497 1059.4497 


ODE Report (RKF45) "n оло 


Differential equations as entered by the user 
11 d(Xbar)/d(t) = ХЕ 


Explicit equations as entered by the user 
1} Ко = 0.3*exp(20000*(1/300-1/305)) 
[21 tl=1 

[3] Е2-1 

[4] 12-2 

51 = =2 

[6] E= if((t>=t1) and (t<=t2)) then (22) else (0) 
171 k= ko*exp(20000*(1/300-1/310)) 
[8] То = 305 

[9] X = 1-1/(1«2*k*Cao^2*t)^.5 

[10] T = То+800"Х 


P13-9 (a) 
3" order, k=175 ат (тор min), Св,=0.0313 dmi/min 


(LFR, PFR, CSTR with t=100s) 


PFR 
dX 
D tion У,С skO O 
esign equation “ау 
C, -C,, 0 z Х) 
С, ur Cs, (1 x) 
x 
EE 3 = КС, М 
(-х) 
X 
(aus сады 
0 0 ~ X) 
е aW | 
(-Х) 
Using the quadratic solution Х -1- pee 1-0.168 = 0.832 | 


(1+ Ср La 
14 


The conversion for а РЕВ X=83.2% 
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CSTR 

Design equation v, (С -C, ) =-r,V 
м =k C 

C, = C, (1 p X) 

Су = Ср, (t = х) 


С Са 
С, 


=X 


X =kC,, (01-Х) us 
У 


The conversion for а CSTR X=66.2 96 
LFR (completely segregated) 
E(t)=0 for t<t/2 


=° pe for і>-т/2 
t=V/v=1000/10=100s=1.67min 


Хос fx (t)E(t)dt 


ах 2 3 
— =АС? (1-Х 
dt 2k ) 


— 
Where X (t) -1— RNC NE 
ааг 1+2kC,, 1 


See Polymath program Р13-9-а.ро! 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 1.0Е-05 1.0Е-05 100 

xbar 0 0 0.1827616 
cbo 0.0313 0.0313 0.0313 

k 175 175 175 

tau 1.67 1.67 1.67 

Е1 1.394Е+15 1.403E-06 1.394Е-15 
х 1,714Е-06 1.714Е-06 0.8315008 
Е 0 0 0.1480215 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(xbar)/d(t) = ХЕ 


Explicit equations as entered by the user 
[1] сро = 0.0313 
[2] k=175 
[3] tau = 1.67 
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final value 


100 
0.1827616 
0.0313 
175 

1.67 
1.403E-06 
0.8315008 
1.403E-06 


M 


[4] E1 = tauA2/(2*t3) 
[5] х= 1-(1/(1+2*k*cbo^2*t))^0.5 
[6] Е = if(t>=tau/2) then (E1) else (0) 


The integral X = [x (t \E(t ја gives mean conversion=18% 
0 


P13-9 (b) 
(Segregation Model and Maximum Mixedness Model applying RTD of Example 13-1) 


Segregation model 


=-r,V 


Batch reactor N,=N,, (1 -Х ) 


ах 
N,, p^ kC,C, V 
С, = Cu X) 
C, = Cs, (1 M X) 
x dX 2 

——— =kC,, t 
| (-х ^ 
Similarly Х()-1- =e 

1+2kC,, 1 


Х= І X (t )E (t ја: and E(t) from the given data, fitted using Polymath 
0 
See Polymath program P13-9-b-regression.pol 


POLYMATH Results | 
Polynomial Regression Report | 


Model: C02 = a1*C01 + а2*С01^2 + а3*СО1^З + a4*CO1^4 


Variable __Value 95% confidence | 
al 0.0889237 0. 0424295 | 
а2 -0.0157181 0.0163712 | 
a3 7.926E-04 0.0019617 | 
a4 -8.63E-06 7.288E-05 | 
General 


Order of polynomial = 4 
Regression not including free parameter 
Number of observations = 13 
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Statistics 


В^2 = 0.8653673 
R^2adj = 0.8204897 
Rmsd = 0.0065707 
Variance = 8.107E-04 


See Polymath program P13-9-b-1.pol 


POLYMA TH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 14 

xbar 0 0 0.4106313 
F 0 0 1.1137842 
cbo 0.0313 0.0313 0.0313 

k 175 175 175 

x 0 0 0.5847898 
E 0 0 0.1566631. 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(xbar)/d(t) = E*x 
[2] d(F)/d(t) = E 
Explicit equations as entered by the user 
[1] cbo = 0.0313 
[2] k=175 
[3] х= t-(1/(142*k*cbo^2"*t))^0.5 
[41 E = 0.0899237*t-0.0157181*1^2.-0.000792*t^3-0.00000863*1^4 


0.5 
0.4 
0.3 


0.2 


0.1 


0.0 қ n о 
0.0 2.8 5.6 t 8.4 112 14.0 
Х -41%. 
Maximum Mixedness 


Rate Law :— r, = KC C. 
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final value 


14 
0.4106313 
1.1137842 
0.0313 
175 
0.5847898 
0.0199021 


PROP TRAN 
T 


С, = C,,{1- X) 


ғ = КС „Су, (1— X). where k-175 што min 


"А = КС (1- XF 
Ao 
ос --Е (z) where 214-%, 
dz 


С,-Сь(-Х) 


See Polymath program P13-9-b-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
2 0 0 14 14 

X 0 0 0.3536026 0.3536026 
F 0.9999 -0.1138842 0.9999 ~0.1138842 
Cho 0.0313 0.0313 0.0313 0.0313 

k 175 175 175 175 

lam 14 0 14 0 

Cao 0.0313 0.0313 0.0313 0.0313 

Ca 0.0313 0.0202322 0.0313 0.0202322 
E 0.0199021 0 0.156664 0 

ЕЕ 199.0212 0 199.0212 0 

Cb 0.0313 0.0202322 0.0313 0.0202322 
ra -0.0053663 -0.0053663 -0.0014493 -0.0014493 


ОПЕ Report (RKF45) 


Differential equations as entered by the user 
(11 d(X)/d(z) = -(ra/Cao+E/(1-F)*X) 
[2] d(F)/d(z) =-E 


Explicit equations as entered by the user 
[1] Cbo = .0313 
[2] К= 7175 
[3] lam = 14-2 
[4] Сао = .0313 
[5] Са = Сао*(1-Х) 


[61 E = 0.0899237*lam-0.0157181*lam^2--0.000792*lam^8-0.00000863*lam^4 


[71 EF =E/(1-F) 
[8] Cb Cbo*(1-X) 
[9] га = -k*Ca*Cb^2 


X=35.4% 


P13-9 (c) 


Exit time(t), internal age(a) and life expectancyA 
[etra = r()5 aro - E(t) 


where E(t) is obtained from the polynomial fit in Part (b). 
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Ца)= =l- F(a) 


Intensity Function A( A) = 


P13-9 (d) 


Adiabatic reaction 


Segregation model 


dX 2 3 
—=kC, “(1-Х 
dt Bo ( ) 


Where k(T) = koexp zx: -1) =175exp ss 
To T 


P 


R 


and T(K) = То + шие 
Ср, 


х = 320 +150Х 


Х = | X ( ЈЕ (t Jat and E(t) from the given data. 
0 
See Polymath program Р13-9-4-1.ро1 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 
t 


8.314 


0 0 14 

xbar 0 0 0.7585435 
F 0 0 1.1137842 
x 0 0 0.8973303 
cbo 0.0313 0.0313 0.0313 

T 320 320 454.59954 
E 0 0 0.1565966 
k 175 175 4931.8727 


ODE Report (RKF45) 


Differential equations as entered by the user 
(11 d(xbaryd(t) = E*x 
[2] d(Fyd(t) = Е 
ІЗІ d(xyd(t) = k*cbo^2*(1-x)^8 


Explicit equations as entered by the user 
[1] cbo = 0.0313 
[2] T2 320+150*x 


[3] E = 0.0899237*1-0.0157181*t^2--0.000792*t^3-0.00000863*t^4 


[4] К = 175*exp(30000/8.314*(1/320-1/T)) 


X =76% 


Maximum Mixedness Model 
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final value 

14 
0.7585435 
1.1137842 
0.8973303 
0.0313 
454.59954 
0.0199021 
4931.8727 


ТА 2 3 
--kC,, uü- X 
Ce Bo ( ) 
where k(T) = koexp 8-1) = 175ехр (at 
i R\To T 8.314 320 T 
and T(K)=To+ сайы Х =320+150X 
Pa 


See Polymath program P13-9-d-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 14 14 

x 0 0 0.7189248 0.7189248 
Е 0.9999 -0.1138842 0.9999 -0.1138842 
Cho 0.0313 0.0313 0.0313 0.0313 

T 320 320 427.83873 427.83873 
lam 14 0 14 0 

Cao 0.0313 0.0313 0.0313 0.0313 

Ca 0.0313 0.0087977 0.0313 0.0087977 
E 0.0199021 0 0.1566233 0 

EF 199.0212 0 199.0212 0 

Cb 0.0313 0.0087977 0.0313 0.0087977 
k 175 175 3001.8809 3001.8809 
ra -0.0053663 -0.007411 -0.0020441 -0.0020441 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(X)/d(z) = -(ra/Cao+E/(1-F)*X) 
21 d(Fyd(z) = -E 


Explicit equations as entered by the user 

1] Сро = .0313 

21 T23204150*X 

3] lam = 14-z 

41 Сао = .0313 

51 Са = Сао*(1-Х) 

[6] E-0.0899237*lam-0.0157181*1am^240.000792*lam^8-0.00000863*lam^4 
71 EF =E/(1-F) 

81 Ср = Сро*(1-Х) 

9] k= 175*exp(30000/8.314*(1/320-1/T)) 
10] ra=-k*Ca*Cb*2 
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gives X=72% 


If the reaction is carried out adiabatically the conversions are more than doubled. 


P13-10 


Irreversible, first order, long tubular reactor, constant volume, isothermal 


dF, 
For a PFR =-T, 


ау 
dX 
Е, = ЕС, 1-X 
Ао dV P ) 
x dX k 
| 17 
Xz1l-e" 


For X = 0.865 > kt = 2.0 
For laminar flow with negligible diffusion (LFR), the mean conversion is given by: 


X = |х) = [х (ја 


712. 

X(t)=1-e™ 
| 2” T 

E(t) for laminar flow ---- where t 2— 

2t 2 

Ын 2 2 ~  -k 
= 2ү7 Т е 

Therefore X= І (1 -e™ )L-a -1---- І--а 

#12 2t 2 


We can apply the approximated solution due to Hilder: 
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X= (4+ Da)e??P* + Da-4 
E (4 + Da)e9??^ + ра 
where Da=kt=2 


= 0.782 


X =0.782 < X pig = 0.85 


P13-11 (a) 
First Moment about the mean: by definition is always equal to zero. 
m, = f € т)Е()а = | (ја - 21:22 =T-T=0 

0 0 0 


тусут = ПирЕв = Mirr =0 


Р13-11 (b) 
Second-order liquid-phase reaction Da= 1kC4,1.0,1-2min and kC4,70.5min . 
CSTR 
Fro U^ --ғАУ 
Fast ЕК 
pe Fuk 
(- ТА bs 
-C 
Liquid-phase 7 — Ён Сло СА 
М (- ТА ) 
Second-order - r, = КС Л and T= Сл Сі = слер же 
КС, КС до (1 -X ) 
Solved 
x= (1+ 2ра)- 41-4 4Da шаваа 
2Da 
PFR 
ав, __ 
dV 5 
хо, 
ur С 
x 
V=F,, І ах 
О ЈА 


Second-order 
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(-Х) 


X 
dX 
V=F,, jm where Са 7C» ra) 


0 A 
Liquid-phase £ = 0 and integrating 


T- | Е- or X = pa - 0.5 
КС,,|1-Х 1+Da 


LFR 


In the ring globule of radius r 


=з =r, Where — r4 = kc? 


ktC 
= 82 _ (2order batch) 


 1*AC,, 
0 for t < 1min 
E(t) = И _ (E(t) LFR ) 
4/(2t^)min fort 21min 


со 2 се 2 со 2 
Х- [хе = «Си [IM - tae, ПЕ 295 

T 

3 


2 „ИС“ 2 ple? (асы) t 
2 со 
ЕС 1+ kt + 
_ 7 5 Ao 877 9 = ЕЕ 22: 
t t еф 2 Da!2 


Evaluate for Da=1, X = 0.451 


See Polymath program P13-11-b.pol 


The criteria 


а? -r 
— + > 0 Хаа>Хмм 


А 
9? -r, 


әс,” 


=0 Xseg= XMM 
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9^-r 
— —À- < 0 X, Xu 
ac,” | 
А 


The following figure shows the reaction rate as function of the concentration. 
. 


0.005 


eee 
eene. 


ETERNI. STONER ec 
0 
The second derivati is initially Wgative (Х 4..1), then PBditive (X, Kum). The flex point is for Са=8то/ат? 
(Xseg=XMM). Ca 
In the limit of low concentration 


-ra = КСА + о(С А | (First order) and Х,.„=Хмм 


in the limit of high concentration 


P13-14 (a) 
Liquid phase, Segregation Model, second order, non-ideal CSTR, adiabatic: 


Х- fx (t,T )E(t)dt = 0.67 


с) апа [са = Img min/ dm? 


=~ 
| ска —? 


E(t)-IF (t«-1) THEN (t) ELSE (ТЕ (t>=2) THEN (0) ELSE (2-0) 


dX 
For a batch globule: Сд, a =-r; 
t 
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—r,=kC,? 


C,=C,,(1-X) 
dX 2 
“= kC, 1-Х 
dt "m ) 


Where Сло=2 mol/dm? 


k(T) = 0.5ехр © x] 
8314(300 T 


-АН,Х 
T -To* —— 87 — 
С, + ACpX 


Where С, = > 8C, = Са +0 =50Ј / mol К 
ACp -1/2C,, -C „a -100/2-50-0 


T=300+150X 
Iterate with Ea, using the ODE solver for values of X(t,T) and substitute these into the polynomial regression to evaluate 
the integral X = [x (t,T)E(t)dt = 0.67 

0 
An activation energy Ea of 10000 J/mol gives approximately the correct mean conversion, X =0.67. Inaccuracy lies in 
the polynomial fit and hence the integral area. 
See Polymath program P13-14-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 3 3 

xbar 0 0 0.6673438 0.6673438 
x 0 0 0.9198721 0.9198721 
cao 2 2 2 2 

T 300 300 437.98082 437.98082 
EL 0 0 3 3 

Е2 2 -1 2 -1 

Е 0 0 0.9933851 0 

Еа 1.25Е+04 1.25Е+04 1.25Е+04 1.25Е+04 
k 0.5 0.5 2.4247011 2.4247011 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(xbar)/d(t) = E*x 
[2] d(x)/d(t) = k*cao*((1-x)2) 


Explicit equations as entered by the user 


[1] cao=2 
[2] Т= 300+150*х 


13-46 


[3] Е1=1 

[4] E2=2-t 

[5] Е= if (t<=1) then (E1) else (if (t>=2) then (0) else (E2)) 
[6] Ea= 12500 

(71 k= 0.5*exp(Ea/8.314*((1/300)-(1/T))) 


P13-14 (b) 
Parallel reactions, isothermal, segregation model 
Batch globules 
dC 2 
3 = YA == YA + Гд2 = = а Са -КсСАСЫ 
ас 2 
жан rg = Ta TAS = НАСА 7 КосС,Са 
dc 
ен = = Hh CAC 
dt C A2 2C~A~B 
Exit concentrations 
4Сис 
= = САЕЏ 
гам. сиб) 
—= = CEt 
ш CyB) 
dC, 
2. = Ce Elt 
ош. = Ce E(t) 


B(t)=IF (t<=1) THEN (t) ELSE (ТЕ (>=2) THEN (0) ELSE (2-0) 
Cues 
Selectivity S = ~= = 2.38 
Cbar 


Iteration with Кос until S = 2.38 gives koc = 0.3755 dm /mol min 
See Polymath program P13-14-b.pol 


P13-15 
Reactor: fluidised CSTR (V=1m?; Fz10dm?/s, Сс-2 Кто?) 


т = 1000dm?s/10dm? = 100s 


The system of complex reactions for the Kentucky coal n.9 is given by 


те --k Cp - ОСА 
d 
dC 
2 =k,Cot+k,C,—k,Cp 
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хэ -К,С,4К,С,-,С,-5,С, 
Т 


ас 
2 -К5,С, 


P13-15 (a) 


Segregation Model 
See Polymath program P13-15-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 

ca 0 0 

cp 0 0 

cc 2000 1383.5708 
cabar 0 0 

cpbar 0 0 

ccbar 2000 2000 

co 0 0 

cobar 0 0 

ki 0.012 0.012 

k2 0.046 0.046 

k3 0.02 0.02 

k4 0.034 0.034 

k5 0.04 0.04 

re 0 -49.695094 
ra 92 10.804749 
rp 24 24 

tau 1.667 1.667 

ro 0 0 

E 0.59988 3.695Е-06 
Spo 2.4Е+08 0.9280349 


ОПЕ Report (RKF45) 


Differential equations as entered by the user 
111 d(ca)/d(t) = ra 

2j d(cp)/d(t) = гр 

31 d(cc)/d(t) = rc 

41 d(cabar)/d(t) = ca*E 

[5] d(cpbar)/d(t) = cp*E 

161 d(ccbar)/d(t) = cc*E 

171 d(co)/d(t) = ro 

8] d(cobar)/d(t) = co*E 


Explicit equations as entered by the user 
[1] К1 = 0.012 

[2] k2 = 0.046 

ІЗІ КЗ = 0.020 

[4] КА = 0.034 

[5] k5=0.04 

[6] гс = -К1*ср-К2*са 

[7] га = К2*сс+КЗ*ср-К4*са-К5*са 
[8] гр = К1*сс+К4*са-КЗ*ср 

[9] tau = 1.667 

[10] ro = k5*ca 

[11] Е = ехр(-Маилац 


900.42918 
689.61265 
2000 
137.10239 
46.011527 
3988.5578 
466.78696 
9.1391124 
0.012 
0.046 
0.02 
0.034 
0.04 


37.542445 
1.667 
36.017167 
0.59988 
2.4Е+08 
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final value 


900.42918 
689.61265 
1383.5708 
137.10239 
46.011527 
3988.5578 
466.78696 
.1391124 
.012 


ооооо \о 
© 
> 
сл 


-49.695094 
10.804749 
33.425188 
1.667 
36.017167 
3.695Е-06 
0.9280349 


пет 


[12] Spo = rp/(ro+0.0000001) 


The exiting selectivity is 0.928 


P13-15 (b) 
Maximum Mixedness model 
See Polymath program P13-15-b.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


2 0 0 

Са 0 0 

Cp 0 0 

Cc 2000 1463.3111 
Co 0 0 

F 1 6.149E-06 
ki 0.012 0.012 

k2 0.046 0.046 

k3 0.02 0.02 

k4 0.034 0.034 

k5 0.04 0.04 

re 0 -47.836902 
га 92 15.190162 
rp 24 24 

tau 1.667 1.667 

ro 0 0 

E 0.59988 3.695E-06 
Spo 2.4E+08 0.9906544 
EF 5.999Е-07 3.695Е-06 
sigma 3 3 

Cao 0 0 

Cpo 9 0 

Ссо 2000 2000 

Соо 0 0 


ОПЕ Report (RKF45) 


Differential equations as entered by the user 
1} d(Ca)/d(z) = -(-ra+(Ca-Cao)*EF) 

21 d(Cp)/d(z) = -(-rp+(Cp-Cpo)*EF) 

31 d(Cc)/d(z) = -(-rc+(Cc-Cco)*EF) 

41 d(Co)/d(z) = -(-ro+(Co-Coo)*EF) 

51 d(F)/d(z) = -E 


Explicit equations as entered by the user 
1} k1=0.012 
(21 k2=0.046 
[3] КЗ = 0.020 
[4] k4 = 0.034 
[5] К5 = 0.04 
[6] гс = -К1*Ср-К2*Са 
[7] ra=k2*Cc+k3*Cp-k4*Ca-k5*Ca 
4181 гр = К1*Сс+К4*Са-КЗ*Ср 
[9] tau = 1.667 
[10] го = k5*Ca 
[11] Е = ехр(-2#аи)/аи 
[12] Spo = rp/(ro+0.0000001) 
[13] ЕҒ-ЕД1-Е) 
[14] sigma=3 


maximal value 


875.11273 
631.80972 
2000 

408.43732 


.012 
.046 
.02 
.034 
.04 


ососсоооогнв 


92 
37.327161 
1.667 
35.004509 
0.59988 
.4Е%08 
.999Е-07 


2 
5 
3 
0 
0 
2 
0 
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final value 


20 

875.11273 

631.80972 

1463.3111 

408.43732 

.149Е-06 

.012 

.046 

.02 

.034 

.04 

-47.836902 
15.190162 
34.677371 
1.667 
35.004509 
3.695E-06 
0.9906544 
3.695E-06 


оәооооо 


[15] Cao=0 
[16] Cpo=0 
[17] Cco = 2000 
[18] Соо=0 


Р13-15 (с) 


The selectivities are reported in the following table: 


ХММсутк Хатты _ Xsmicstr 
4.83 [099 14.174 0.92 


P13-15 (d) 
Normal Distribution with т = ӛтіп апа б = 3min 
(t-t? 1 0-5) 
2.3? 


1 
E(t) = —= expl – ех 
l ) ON 20 P 2.0? 342Jt P 


Segregation Model 
See Polymath program P13-15-d-1.pol 


POLYMA TH Results 
Calculated values of the DEQ variables 


Variable 


0 

0 

0 

0 

0 
0.012 
0.046 
0.02 
0.034 
0.04 
0 
9 
2 
3 
0 
5 
2 
1 
0 


ODE Report (RKF45) 


Differential equations as entered by the user 


1] 
2] 
[3] 
4] 
5] 
6] 
[7] 
81 


d(ca)/d(t) = ra 
d(cp)/d(t) = rp 
d(cc)/d(t) = rc 
d(cabar)/d(t) = ca*E 
d(cpbar)/d(t) = cp*E 
d(ccbaryd(t) = cc*E 
d(co)/d(t) = ro 
d(cobar)/d(t) = co*E 


initial value 


1991.2989 


012 
.046 
.02 
.034 
.04 
-8.5350648 
79.947816 
24 
3 
0 
5 
4.1743032 
10 
0.0331675 


осососоооооосоос 


minimal value maximal value 


2 
171.75027 
52.879376 
2000 
11.116671 
3.2689487 
221.39065 
.0306771 
.3200147 
.012 


ососососоооссоросо-ч- 
о 
~ 


№ 


28.677508 
3 
6.8700107 
5 

2.4E+08 
10 
0.0806774 
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ооооооо У 


final value 


2 
171.75027 
52.879376 
1991.2989 
11.116671 
3.2689487 
221.39065 
.0306771 
„3200147 
.012 
.046 

.02 

.034 

. 04 
.5350648 
79.94'7816 
28.677508 
3 
6.8700107 
5 
4.1743032 
10 
0.0806774 


Explicit equations as entered by the user 
[1] k1=0.012 

[2] k2 = 0.046 

[3] КЗ = 0.020 

[4] К4 = 0.034 

5] k5=0.04 

[61 гс = -К1*ср-К2*са 

71 та = К2*сс+КЗ*ср-К4*са-К5*са 

[81 гр =К1*сс+К4*са-КЗ*ср 

[91 sigma=3 

10] го = К5*са 

[11] tau=5 

12] Spo = rp/(ro+0.0000001) 

[13] E1 = 1/(tau*2*(1-0.99)) 

[14] Е = exp(-(t-tau)2/(2*sigma’2))/(sigma*(2*3.14)40.5) 


Maximum Mixedness Model 
See Polymath program P13-15-d-2.pol 


POLYMATH Results 


POLYMATH Report 08-25-2005, Rev5.1.233 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


2 0 0 2 

Са 0 0 120.77791 
Ср 0 0 35.906087 
Сс 2000 1995.2809 2000 

Со 0 0 3.8182818 
Е 1 0.9770814 1 

k1 0.012 0.012 0.012 

k2 0.046 0.046 0.046 

k3 0.02 0.02 0.02 

k4 0.034 0.034 0.034 

k5 0.04 0.04 0.04 

re 0 ~5.986657 0 

ra 92 83.563477 92 

rp 24 24 27.331698 
lam 2 0 2 

ro 0 0 4.8311165 
tau 5 5 5 

Spo 2.4E+08 5.6574287 2.4Е+08 
sigma 3 3 3 

E 0.0296795 0.0020622 0.0296795 
Cao 0 0 0 

Cpo 0 0 0 

Ссо 2000 2000 2000 

Соо 0 0 0 

EF 2.968E+06 0.089981 2.968E+06 


ОПЕ Report (RKF45) 


Differential equations as entered by the user 
[11 d(Ca)/d(z) = -(-ra+(Ca-Cao)*EF) 
[2] d(Cp)/d(z) = -(-rp+(Cp-Cpo)*EF) 
131 d(Coyd(z) = -(-гс+(Сс-Ссо)*ЕР) 
[4] d(Co)/d(z) = -(-ro+(Co-Coo)*EF) 
[51 d(Fyd(z) = -E 


13-51 


final value 


2 
120.77791 
35.906087 
1995.2809 
.8182818 
.9770814 
.012 


ооо>ооом 
о 
н> 
о 


.04 
-5.986657 
83.563477 
27.331698 
0 
4.8311165 
5 
5.657428 
3 
0.0020622 
0 
0 
2000 
0 
0.089981 


t nn 


Explicit equations as entered by the user 
[1] k12 0.012 

121 k2 = 0.046 

[3] k3=0.020 

[4] k4 = 0.034 

[5] k5=0.04 

[6] rc = -k1*Cp-k2*Ca 

[7] ra=k2*Cc+k3*Cp-k4*Ca-k5*Ca 
[8] гр =k1*Cc+k4*Ca-k3*Cp 

[9] lam = 2-2 

[10] то = К5*Са 

[11] tau=5 

[12] Spo = гр/(го+0.0000001) 

[13] sigma = 3 

[14] E=exp(-(lam-tau)2/(2*sigma))/(sigma*(2*3.14)0.5) 
[15] Cao=0 

[16] Cpo=0 

[17] Cco = 2000 

[18] Coo=0 

[19] EF =E/(1-F) 


P13-16 


Multiple parallel reactions, isothermal 


Е(0-0.0279693 - 0.0008527 + 1.2778e-5 t? — 1.0661e-7 ё + 4.5747e-10 t^ — 7.73108e-13 б 


K1=5.0 m/kmol’min, k2=2.0 m’/kmol.min, КЗ=10 m‘/kmol’min, k4=5.0 m?/kmol/?min 


P13-16 (a) 


Segregation model 


dC 
IA = аа s КСАСв 2 Сос 
4 3 
ас 
FB = -125k,4€5! 0156, Ср № СьСе? 
dC, 
gos = АСС" Е 2565 05 B Е,СсСү 
ас, 


"dm КСО. АЗЕ С? 


ас 5 | 
ос -0.5k,CAC, + SCC 
аср 2 
LE =24,C,°C 

dt 3“С В 


13-52 


= = E 
Сасы) Se= carl) 
dCp ас, 

== = Е 
Со ось) “B= СЕ) 

С, С 
Scp ES SpE 4-3 


See Polymath program P13-16-a.pol 


Exit concentrations: 

C, -0.026то1/ dm? 

С, =0.008mol / ат? 

Сс -6.955е-5то1/ dm? 
С, = 0.036mol / dm? 

C, = 0.012mol / ат? 


C, -4.156е-7то!/ dm? 


P13-16 (b) 


Maximum Mixedness model 


-С-Ей 
Се. сені) 
ас, 
= C, Elt 
Сь С) 
бұр = = 
F 
Selectivities: 
Scp = 0.00196 
Spr = 28433 


Е(0-0.0279693-0.00085274:-1.2778е-522-1.0661е-7 \2+4.5747е-10 \-7.73108е-13 2? 


And А-2, where z=t, tj-200min (extent of E(t)). 


ас, 25 |t. -C,, x 


and n= - КС С, - ЕСС, 70 


and so on for other species. 


dF (A) =-Е (A) gives F(A) 
dz 


See Polymath program P13-16-b.pol 
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Exit concentrations: Selectivities: 


C, =0.028mol / dm? Sep = 0.0009 
C, = 0.010mol / dm? S pp = 3.004 
С. =2.927е – 5mol | dm? 5, =1343110 


С, -0.033то1/ dm? 
C, -0.011то1/ dm? 
C, =7.985е – 9mol | dm? 


P13-16 (c) 
Ideal CSTR 

ет 
tm=t and E(t) = 


Mol balances: 


F 2 
za = Fao- (rq) where r4 = САС? ECC, ECC, 
Едо = Сдо№ = 0.05 -10 = 0.5mol / min = Fg, 
and so on for the other species. 
F 
C, = Ст, Ћ, > elc.... 
Cro = Сл, + Св, = 0.05+0.05 = 0.1 


See Polymath program P13-16-c.pol 


Exit concentrations: Selectivities: 

С, = 0.050mol / dm? Scp = 0.068 
С, = 0.049mol / dm? Spg =3.342 
Сс = 5.639е – 5mol | dm? Spr =815844 


Cp -0.0008то1/ dm? 


С; =0.0002mol / dm? 
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м 


Ср =3.03e - 10mol / dm? 
Ideal PFR 


ty=t and RTD function E (t ) -0 (t - т) 


2 
—- (- Ж Where КА = ЦОО Fed К,С,С, Сед" 
and so on for other species. 


Е 
C, = Cp etc... 
Ру 
Cry = C4, + Cg, = 0.05+ 0.05 = 0.1 


Exit concentrations: Selectivities: 

с, = 3.98e – 9mol / dm? Sc = 0.004 
C, = 0.0065mol / dm? S pp = 3.368 
Сс = 0.000277 mol / dm? Spr = 4.286 


С, = 0.068mol / dm? 
C, =0.0202mol / dm? 


C, =0.0047mol | dm? 


Segregation Maximum Mixedness CSTR PFR 
Sc = 0.00196 Sep = 0.0009 Scp =0.068 Sq = 0.004 

Spg = 3.009 Spg = 3.004 Spg = 3.342 Spy = 3.368 
Spr = 28433 Sgr =1343110 S pp = 815844 Spr = 4.286 


S,, For the РЕК is very much smaller than for the others, because Св is not so small at the exit of ће РЕК in turn due 
to exit Cc is not so small either. The conversion of C4 in the РЕК is virtually complete at the exit of the PFR, hence 
greater Cc. 


P13-16 (d) 
See Polymath program P13-16-d.pol 


E(t)-IF (t<=10) THEN (0.01) ELSE ( IF(t>=20) THEN ( 0) ELSE ( 0.2-0.01 t)) 
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ЕЕ 


Segregation Maximum Mixedness CSTR PFR 


Scp = 0.004 Sc = 0.0035 Sep = 0.068 5 = 0.004 
Spg = 3.109 Spe = 3.106 Spe =3.342 Spg = 3.368 
Spr = 24078 Sgr = 41503 Spp = 815844 Spp = 4.286 


For ће Segregation and Maximum Mixedness models, S pp is much lower than 
for the CSTR but still far greater than for the PFR. The CSTR and PFR values are unchanged as they do not depend on 
E(t). 


P13-17 
Multiple parallel reactions, isothermal 
Asymmetric RTD: E-IF (t <=1.26) THEN (E1) ELSE (Е2) 


Е1=-2.104#+4.1678-1.5962-0.3531-0.004 
Е2=-2.104+17.0378-50.2472+62.9644-27.402 


kpi=0.25 dmÜ/mol? min, Кҥ›=0.1 dm’/mol min, Къз=5.0 dm*/mol” min 


P13-17 (a) 


Segregation model 


dc 
EE = kp САСв” -3kg;C4Cp 


ас, 


= -2k САС», EC Бе бубе“ 


ас 
Fa = САС + КЕ САСр - а а 


ас, 


di = Кроа Са — 2K СА Ср + КС ела 


ас, 
TE = ky CC 
dt Е2У АУ Рр 
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- = CpE(t) =C, E(t) 
C, C, 
Sep 273 ху? ^v. 


See Polymath program P13-17-a.pol 


Exit concentrations: 

C, =0.819mol / dm? 
C, =0.767mol | dm? 
Сс = 0.163mol / dm? 
Cp = 0.600mol / ат? 
C, -0.053то1/ dm? 


C, =0.199mol / dm? 


P13-17 (b) 


Maximum Mixedness model 


=C,Et 
CE = Ce EC) 
С, 
Su = => 
? 
Selectivities: 
Sep = 0.272 
Spy = 11.330 
бер = 0.267 


As ће RTD is asymmetric we can use the same equations for E(A) as we did for E(t), with: E(A)-IF (A<=1.26) THEN 


(El) ELSE (E2) 


да => па + (C4 - C45) Bd) 


ал 1- F(A) 
dc E\A 
p = E kpiCaCg - 3kg,C4Cp n (C1 Сл, e 


The same applies to the equations for the other species as in Part (a). 


See Polymath program P13-17-b.pol 


Exit concentrations: 


C, =0.847mol / dm? 


Selectivities: 


Scy = 0.281 
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С, = 0.824mol / dm? 
Сс = 0.162mol / dm? 
Cp -0.576то1/ dm? 
Cg = 0.054mol / dm? 


C, =0.192mol / ат? 


P13-17 (c) 
Ideal CSTR 
2717 
t,-tand Elt)— 
=T an ( ) 2 
dC, 
—=v(C, — С, )+ 
di ( Ao a) ТА 


and so on for the other species. 


Spe =10.7 


КУ?? = 0.280 


ТА = С КЫСАС РОО) 


See Polymath program Р13-17-с-І.ро! 


Exit concentrations: 


С, =1.386mol / dm? 
Св =1.774mol ат? 
Сс -0.095то1/ dm? 
Cp =0.114mol / ат? 
С; -0.002то1/ dm? 


С; -0.008то1/ dm? 


Ideal РЕК 


Where 
уд = у 
Selectivities: 
ср = 0.832 
Sp, = 71.100 
Spr = 0.198 


tn=t and RTD function E (t ) =ô ( -T ) | 


dC, -(% 3 
----- Wher re 
dV y 


and so on for the other species. 


с ЕСС” z DCC) 
y 
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Bx 


See Polymath program P13-17-c-2.pol 


Exit concentrations: Selectivities: 
С, =0.310mol / ат? 05:50: 162 
С, = 0.338mol / dm? Spg = 3.618 
Сс = 0.106mol / ат? Spr = 0.497 


С, = 0.652mol | dm? 
С; =0.180mol / dm? 


Cp =0.362mol / dm? 


Segregation Maximum Mixedness CSTR PFR 

Scy = 0.272 Sc = 0.281 Sep = 0.832 Sop = 0.162 
Spg =11.330 Spe =10.7 Spe 271.100 Spg =3.618 
Sg, = 0.237 бер = 0.280 Sip =0.198 Spp = 0.497 


Sep is significantly greater than for the others, because exit Cp is lower. 
Similarly S pg is much greater in the CSTR than for the others, because exit Cg is so low. This is because the achievable 
conversion in a CSTR is not so high. 


P13-18 (a) 
P13-18 (b) 
P13-18 (c) 
P13-18 (d) 


P13-19 (a) 
External age distribution E(t) 
By plotting C 10° as a function of time, the curve shown is obtained 
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C(t) 


To obtain the E(t) curve from the C(t) curve, we just divide C(t) by the integral 


[coa = І C(t)dt + [ coa» f "са + [ са 


[ соја = RU + 3(622) + 3(812) + 2(831) + 3(785) + 3(720) + (650) 10-5 = 4173.4.107 
("са = 52650 +4(523) + (418) 1077 = 2106.7 -10- 


f са = : (5418 + 4(238) + 2136) - 4(77) + 2(44) + 4(25) 204) + 4(8) + 51077 =3671.7-10° 
Г C(t)dt = 20016) 410107 -30-107 


Ї C(t)dt -99817:-107 = 0.1 


We now calculate: 


E(t) = СФ). Єй) 


| Cdt 04 
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ee pe 


E(t) 


E(t) [1/min] 


0 т шинин хаман т т-т кураре. лан. т трт — —  — а --а 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 
t[min] 


Using Excel we fit E(t) to a polynomial: 


for 0 €t €3 E, (t) = –1.1675 10771“ 41.135510? г – 4.7492 -107 2” 

+9.9505 -10 771 

јог3 <1 520 Е, (0) = -1-8950-10 57* + 8.7202 -10 771 —1.1739 10? £? 
E(t) = 4 —1.7979 -10 *t + 0.092343 


for 20 <t € 60 E,(r) =1.2618 -10 31“ —2.4995-10 51" +1.8715 -10 ^£? — 


6.3512-10?: + 0.083717 
fort>60 0 


P13-19 (b) 


External age cumulative distribution F(t) 


Е(ђ = [која 


Integrating the E(t), we obtain the F(t): 
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и 


P13-19 (c) 


Mean residence time and variance 


t, = | EOtdt 


The area under the curve of a plot tE(t) as a function of t will yield ty. 


0.45 


Е 


—— A near 


0.01316 3.032064 
0.0622 5.0382 
0.1624 5.1968 
0.2493 4.0719 

0.314 2.826 
0.36 1.8 
0.39 1.04 

0.4184 0.2092 

0.418 0 

0.357 0.595 

0.272 1.36 

0.1925 1.7325 
0.132 1.76 
1.5625 

1.26 

0.98 

0.8 

0.25 


1: )tdt= [ E(t)tdt + Гкауа- Ї ° E(t)tdt + f E(t)tdt 


1, =T = 9.88 min = 10 min 


We can calculate the variance by calculating the area under the curve of a plotof: — (t-t,)^E(t) 


t[min] 


д? = [ (t-t, Y Е(гий = f (t-t, Еда + [ e-i Eod 


f (t-t Y Edt + | (t-t, P EOdt 
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о? = 73.81min? = 74min? 


P13-19 (d) 
Fraction of the material that spends between 2 and 4min in the reactor 
E() 


Eit [1/min] 


56 58 60 


————————————————————т= 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 


[ E(t)dt = shaded area = 200812) + 4(0.0831) + 1(0.0785)] = 0.16 


Р13-19 (е) 


Fraction of the material that spends longer than бтіп 


Ей) 


Eft [t/min] 
о 
a 


o 
© 


о 
сз 
о 


| 


6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 3% 38 40 42 44 46 48 50 52 54 56 58 60 
t[min] 
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ет 


0 0 0 
[ 504 = shaded area = | Edt + Ї Еда + f E(t)dt 


| Eod == (10.065) + 4(0.0523) +1(0.0418)) = 0.210 


| E(t)dt = > (10.0418) + 4(0.0238) + 2(0.0136) + 4(0.0077) + 2(0.0044) + 4(0.0025) 


+ 20.0014) + 4(0.0008) +1(0.0005)) = 0.367 
Гвоа-аай == (0.0005 + 0.0001) = 0.003 


Гвоа = shaded area = 0.581 


P13-19 (f) 
Fraction of the material that spends less than 3min 
Ей) 


Е «еп йтіп 


т 
rr т---т--- ИИ 


Tr оч =——— 
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 


[min] 


0 2 4 


[ E(t)dt = shaded area = 2 (0) + 3(0.0622) + 3(0.0812) + 1(0.0831)]=0.192 


P13-19 (g) 


Normalized distributions 
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MP n 


Normalized RTD 
ө=2 Е(Ө)-тЕ() 
T 


Е(Ө) 


Normalized cumulative RTD 


к()- | z(o = |? (да 
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pa 


Е(Ө) 


08 m d | 


Р13-19 (h) 
Reactor Volume 
F=10 dm?/min 

у= Е.т=1004т? 


Р13-19 (1) 


Internal age distribution 
1 
i)-1i- r6) 


n ———ÓB——ÓÁ————Ó——— EE 
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P13-19 (j) 


Mean internal age 


a, = [она = (тауа тауа» (лауа rear = 1min 


P13-19 (k) 


Intensity function 


Р13-19 (1) 


Mean catalyst activity 


Integrating the decaying rate law: f --- f Кра 


аа _ 
a? 

1 
1+kpt 


аш 


Applying the Segregation Model with the previous RTD data: 


anan = ГаЕй 
See Polymath program P13-19-1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 

amean 0 0 

kd 0.1 0.1 

Е1 0 -2.436Е+04 
Е2 0.092343 -21.261016 
E4 0 0 

E3 0.083717 1.724Е-05 
Е 0 0 

а 1 0.125 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
.] d(amean)/d(t) = a*E 


~ 


Explicit equations as entered by the user 
11 kd=0.1 


[4] E4=0 


[7] a= 1/(1+kd"t) 


P13-19 (m) 
Ideal PFR 


70 70 
0.5778625 0.5778625 
0.1 0.1 
0.0838847 -2.436E+04 
0.092343 -21.261016 
0 0 
0.083717 0.0017977 
0.0838847 0 

1 0.125 


21 E1--0.0011675*t^440.011355*1^3-0.047492"*t^2.-0.0995005*t 
[3] 22 = -1.8950*10^(-6)*t^44-8.7202*10^(-5)"t^8-1.1739*10^(-3)*t^2-1.7979*10^(-4)*t-0.092343 


[5] ЕЗ = 1.2618'10^(-8)'t^4-2.4995*10^(-6)"1^8441.8715*10^(-4)'^2-6.3512*10^(-3)*t-0.083717 
6] Е = if(t<=3)then(E1)else(if(t<=20)then(E2)else(if(t<60)then(E3)else(E4))) 
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M 


2nd order, liquid phase, КСА, =0. Imint, Сло=1 mol/dm? 


1-10 min (from P13.19 (c)) 


X Сл | -0.5 
1+k7C,, 
P13-19 (n) 


LFR 

Laminar Flow Reactor 

2nd order, liq. phase, irreversible reaction КСА, =0.1 min’ ,t=10 min. 
We apply the segregation model, using Polymath: 


ktC 0 for t < 5.00 min 
= ——42 авд E(t) = Ў ee » 
1+ktC,, (10) /(21° ) тіп for t > 5min 


See Polymath program P13-19-n.pol 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 300 300 

xbar 0 0 0.4504221 0.4504221 
cao 1 1 1 1 

k 0.1 0.1 0.1 0.1 

tau 10 10 10 10 

El 5.0E+05 1.852Е-06 5.0Е-05 1.852Е-06 
t1 5 5 5 5 

E 0 0 0.2284987 1.852E-06 
x 0 0 0.9677419 0.9677419 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(xbar)/d(t) = ХЕ 


Explicit equations as entered by the user 
[1] cao = 1.0 

i k = Л 

tau = 10 

E1 = tau%2/2/(t43+0,0001) 

j t1 =tau/2 

E = if (t<t1) then (0) else (E1) 

1 xz k*cao*t/(1+k*cao"t) 


~ 
NT 


pen 


nen 


“AUB we 


25 


We can compare with the exact analytical formula due to Denbigh. 


X= bal = Іп(1--2/ 21 = 0.451 with Da= КСлот=1 


P13-19 (о) 

Ideal CSTR 

2nd order, liquid phase, КСА, =0.1 min’, C,,=1mol/dm? 
X 

=, X =0.382 

(-Х) 
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и 


P13-19 (p) 


Segregation Model 
2nd order, liquid phase, КСА, =0.1 тіп, Cy,=1mol/dm? 


See Polymath program P13-19-p.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 70 70 

Xbar 0 0 0.4224876 0.4224876 
kCao 0.1 0.1 0.1 0.1 

Е1 0 -2.436Е+04 0.0836855 -2.436Е+04 
Е2 0.092343 -21.261016 0.092343 -21.261016 
Е4 0 0 0 0 

E3 0.083717 1.949Е-05 0.083717 0.0017977 
Е 0 0 0.0836855 0 

X 0 0 0.875 0.875 


ODE Report (RKF45) 


Differential equations as entered by the user 
[11 d(Xbar)/d(t) = E*X 


Explicit equations as entered by the user 
[1] kCao = 0.1 
[2] E1 --0.0011675*t^440.011355*t^3-0.047492*t^2-0.0995005*t 
[3] E2z-1.8950*'10^(-6)'t^4-48.7202*10^(-5)'t^8-1.1739*10^(-3)*t^2-1.7979*10^(-4)*t«0.092343 
[4] E4=0 
[5] ЕЗ = 1.2618'10^(-8)*t^4-2.4995*10^(-6)*t^8--1.8715*10^(-4)*t^2-6.3512"10^(-3)*t-0.083717 
[6] E=if(t<=3)then(E1)else(if(t<=20)then(E2)else(if(t<60)then(E3)else(E4))) 


171 X=kCao*t/(1+kCao*t) 


P13-19 (q) 


Maximum Mixedness Model 
па order, liquid phase, ЕС, =0.1 min, Слог Imol/dm? 


Rate Law:—r, = КС, 
c, = C, - X) 
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MM — 


г, = КС (1 - ху where k=0.1 dm? /mol min 


AA - KC, Х) 


Ao 


dF =-Е (2) where z-60-X 
dz 


See Polymath program P13-19-q.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 60 60 

x 0 0 0.4773052 0.4047103 
Е 0.99 -0.010344 0.99 -0.010344 
сао 1 1 1 1 

lam 60 0 60 0 

El -1.284Е-04 -1.284Е+04 0.0832647 0 

Е2 -9.8680524 -9.8680524 0.092343 0.092343 
ЕЗ 2.228Е-05 1.806Е-05 0.083717 0.083717 
Е4 0 0 0 0 

Са 1 0.52273 1 0.5952897 
к 0.1 0.1 0.1 0.1 

ra -0.1 -0.1 -0.0273247 -0.035437 
Е 0 0 0.0832647 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(X)/d(z) = -(ra/cao+E/(1-F)*X) 
(21 d(Fyd(z) = -E 


Explicit equations as entered by the user 

[1] cao = 1 

2] lam = 60-2 

[3] E1 «-0.0011675*lam^440.011355"lam^3-0.047492*lam^2--0.0995005*lam 

[4] E2--1.8950*10^(-6)'lam^4-8.7202*10^(-5)*lam^8-1.1739*10^(-3)'lam^2-1.7979*10^(-4)*1lam40.092343 
5] ЕЗ = 1.2618*10^(-8)'lam^4-2.4995*10^(-6)'lam^83:-1.8715*10^(-4)*'lam^2-6.3512*10^(-3)*lam4.0.083717 
6] E420 

7] Са = сао*(1-Х) 

[8] k=0.1 

[9] га = -К*Са^2 

10] Е = if(lam<=3)then(E1)else(if(lam<=20)then(E2)else(if(lam<60)then(E3)else(E4))) 


Хи 2 Хмм | Хо | ‚ Xprn zu Хов НЫ 
0.451 0.405 _ | 0.422 0.5 ____| 0.382 


| 
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Solutions for Chapter 14 - Models for Non-ideal Reactors 


P14-1 Individualized solution 


P14-2 (a) 


Approximated formula for Segregation Model (17 reaction) 
242 


е“ unes : 


+ Error . The error is then o((kt)’). 


2-1 kt? 
Approximating the Error = P 


kt 


-0.0001667 


-0.1667 


20 
Lu(error]) : 
-20 
1-10 4 110? 001 0.1 1 10 100 
k7 
P14-2 (b) 


Parameters Dispersion Model 
Closed-Closed dispersion model 


_j-_____4gexp(Pe,/2) —— 
(1+4) ехр(Ре,4/2)-(1-а) exp(- Pe,q/2) 


(14-26) 
Where 
4 = Ј1+ 4 ра/ Ре, 


1 
Па = Кт = 47 Damkóhler number 


m5 


1 
Ре =— Peclet number 


Ред = 4 Ре, t 4DaPe, 
Where 
К 2 _ Rate of consumption of Aby reaction 


DaPe, — 
Rateof transport by diffusion 


a 


Numerical example 
L џ 
T= 7] = const = 5.15min 


1,=7%0 -5.15min*O.1cm/ 5 =0.309m 


$c = 5 = 1000 (Liquids region in Fig. 14.11) 
D, 
Da = kt = 1.288 


40. From Fig. 
| 1411 
3000 From 


Fig. 14.11 


Is there a diameter that would maximize or minimize conversion in this range ? 
According Fig.14.10 there will be a radius that maximizes the conversion. 


P14-2 (c) 
(1) Vary the Damkóhler number for a second-order reaction (Example 14-3(b)) 


For a second order reaction Da = KC „о = "THE m: 
0 


R=0.05m 
L=6.36m 

k =0.5dm? / mol. min 
U, =1.24m/ min 


С, = 0.5mol | ат? 
D... =1.05m? / min 


апу 


Damkóhler number/Da _ Conversion Parameter 


14-2 


scent 


0.641 
1.282 0.523 
2.564 0.644 


5.129 
10.258 


(2) Vary the Peclet and Damkóhler numbers for a second-order reaction in laminar flow (Example 14-3(c)) 


L 
For a second order reaction Ра = КС „о = E a03 Pest LID 
0 


R=0.05m 

L = 6.36m 

k = 0.54т? /mol.min 
U, =1.24m/min 


С, = 0.5mol | dm? 


Dj = 1.6x10? m? / min 


Ра ___ Ре — ^ Conversion Parameter 
0.1603 ___ 8.32x10 0.132 8*UO 
0.3205 S PME 4.16x10 22 m 0.229 — d 4*UO 1 

___ 2.08х10°_ — 0309 __ ...2*UO0 X. 
1.04x10° ___ 0.536 00 __ 
0.52x10" 0.699 "0072 _ 

2222. 0.26х10 0.825 } 00/4 
. 0.13x10 _____0.906 ту U0/8 
1.0 
09 
08- 
07- 
06 
5 
2 05 
9 
S 04 
о 
оз 
0.2 bo 
s ККЕ 
0.1 
0.0 ии и ии KEREL 
00 2.0х10° — 4.0xi0° — 60x10 80х10° 
Pe 


When Peclet Number decreases less than 2 x10? , the conversion is influenced significantly. 
Below is a FEMLAB anaylsis of the problem. 


(1) Vary the Damkóhler number for a second-order reaction (Example 14-3(b)) 


14-3 


бо 


For a second order reaction Da = tC "mE Та X6 


R=0.05m 
L=6.36m 


k = 0.54т? / mol.min 
U, =1.24m/ min 
Cay = 0.5то1/ ат? 
D... =1.05т? / min 


aris 


Damkóhler number/ Da Parameter 
0.138 


0.239 4*UO 
0.377 2*UO 
0.523 00 


U0/4 | 
U0/8 


- Femlab Screen Shots 
[1] Domain 


E] Axis equat 
prez limits ШЕШЕ 
| күлсе Р 


| ttn: | 


EE REESE 5 


ЕСТЕ ШЕТІН 


[2] Constants and scalar expressions 
- Constants 


5 


Ra 
L 
к 
n 

Г 


- Scalar expressions 


14-4 


[3] Subdomain Settings 
- Physics 
(Mass Balance) 


неа 


Convect 


| Disctrogic 
© р anisatro 


- Initial Values 


(Mass balance) сА(10) = cAO 


- Boundary Conditions 
@ г= 0, Axial symmetry 
@ inlet, 


Boundary condition: [Fix МОНО 


| 
| Quantity | 
| 
| 


ч 


| Concentration | 


| nvward flux | 


@ outlet, Convective flux 
@ wail, Insulation/Symmetry 


14-5 


= 


[4] Results 
(Concentration, cA) Dru Е 
eom 1/Convection and Diffusion (MassBalance) : Р14-2 (C)(a).fl __ 
sing Multishysice Help ДЫ 


Surface: хА 


IMemory: (16.4 117.9) 
(2) Vary the Peclet and Damkóhler numbers for a second-order reaction in laminar flow (Example 14-3(c)) 


For a second order reaction Da = KC „о = = kC,,; Pe=U,L/ Рав 
0 

R=0.05m 

L=6.36m 

k =0.5dm? / mol.min 

U, =1.24m/ min 

С, = 0.5mol / ат? 


D, = 7.6x10? m? / min 


0.1603 0.132 8*UO 
0.641 0.369 72500 
1282. 0.536 шил 

_ 2.564 0.699 02 — 
5.129 | 
10.258 0.906 
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EEC COOK e 5 0 1] 


E: 


Conversion 


0.0 - 
0.0 20x10 . 40x10 . 60x10 8.0х10° 


Ре 


When Peclet Number decreases less than 2 x10°, the conversion is influenced significantly. 


- Femlab Screen Shots 
[1] Domain 


Axes/Grid Settings 


[2] Constants and scalar expressions 
- Constants 


- Scalar expressions 
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qo MÀ 


à —Ó ежи? 


E 28 ER 2. | 


[3] Subdomain Settings 
- Physics 
(Mass Balance) 


| | ¥e(-D¥cA+cAu) = R, cA = concentration © 


| Subdomain selection) [cA | int | Element | 


p Species. 


Os 


® Disotropic ^. D | Diffusion coefficient 
© D anisctropic 7 Diffusion coefficient 


R са ____ Reaction rate 
| rvelocity 


—— 1 


| z-velocity 


— ү; 
| | [7] Select by group | 
| [У] даме inthis domain | | ( Artificii Diffusion.. 


-] (салса ШТИ 


- Initial Values 


(Mass balance) cA(t0) = cAO 


- Boundary Conditions 

@ r = 0, Axial symmetry 

@ inlet, 

Boundary conditions >= 


Boundary condition: Flux А | 
Quantity Value/Expression Description 


~~) Concentration 
tone 


% КАЛАШ wars fux 


H 
| 


| 
i 
i 
| 
| 
| 
| 
@ 
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@ wall, Insulation/Symmetry 


[4] Results 
(Concentration cA) 


ҒЕМІ АВ - Geom 1/Convection and 


P14-2 (d) 


Two parameters model 


г----10шіп 
v 


[4 


1-2 and S-4min'. 


m 


у, = (1- В)у, = 0.05 
min 


V, = (атју, = 0.013т? 


О 
У 


5 


14-9 


——ÓÁÁ—— e: 


Ат ЕС, -1 
БАТЫ 9 


C 
x 2т,К 


С 
X =1-—* =0.111 


Ao 


Ideal CSTR 


P14-2 (e) 


CSTR with Dead Space and 
Bypass 


(1=1.25 and 8-0.115 шіп!) 


Two CSTR with interchange (Ist order reaction) 


25 (1— 8)+ atk 


See Polymath program P14-2-e.pol 


(B+ atk\[B + (1-a@)tk|- 8° 


Calculated values of the DEQ variables 


Variable initial value 


t 0 
ст1 2000 
ст2 921 
beta 0.15 
alpha 0.75 
tau 40 
сте1 2000 
стег 921 
t1 -80 
CTe 2000 
k 0.03 
X 0.5134788 


ODE Report (RKF45) 


0 
31.814045 
164.15831 
0.15 


-1.275Е+04 
13 

-80 
13 
0.03 
0.5134788 


minimal value maximal value 


200 

2000 
1048.4628 
0.15 

0.75 

40 

2000 

921 

120 

2000 

0.03 
0.5134788 
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CSTR with Dead Space and 
Bypass 
(1=2.0 and $=4 ши!) 


final value 
200 
31.814045 
164.15831 
0.15 


-1.275E+04 
13 
120 
13 
0.03 
0.5134788 


Srp 


Differential equations as entered by the user 
1] d(CT1)/d(t) = (beta*CT2-(1+beta)*CT1)/alpha/tau 
(21 d(CT2)/d(t) = (beta*CT1-beta*CT2)/(1-alpha)/tau 


Explicit equations as entered by the user 

1] beta=0.15 

2] alpha=0.75 

[3] tau = 40 

[4] Сте1 = 2000-59.6*t--0.64*t^2-0.00146*t^3-1.047*10^(-5)*t^4 

5] СТед = 921-17.3*t-0.129*t^2-0.000438"t^8--5.6*10^(-7)"1^4 

[6] 11 =t-80 

[7] СТе = if(t<80)then(CTe1)else(CTe2) 

[8] К= 0.03 

9) X = ((betat+alpha*tau*k)*(beta+(1-alpha)*tau*k)-beta’2)/((1+beta+alpha*tau*k)*(beta+(1-alpha)*tau*k-beta’2)) 


0 40 80 120 160 200 


Comparison experimental and predicted (В=0.15 00.75) concetration. 
For small deviations from the original value of the parameters concentration and conversion are not significantly 
affected. The following table show the conversion for different combinations of В and о. 


14-11 


—À rM 


Given the interchange flowrate, the conversion is increased with the increasing of the volume of the highly agitated 
reactor. Given the volume of the highly agitated reactor, the conversion is increased with the increasing of the 
interchange. 


P14-2 (f) 


Tubular Reactor Design 
The correlations between Re and Da show what flow conditions (characterised by Re) give the greatest or smallest D, 
and hence dispersion. 
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КЕККЕ 


d 
To minimise dispersion a Re number of ~10-20 gives the lowest value for D,. Because Re = 16 , the design of the 


vessel could be altered (i.e. diameter) for a given fluid and flowrate. 
To maximise dispersion, either a very low Re (<0.1) or Re ~2300 will give the maximum Da values. 
For a packed bed, the dispersion also depends on the Schmidt number as well as Re number. 


Р14-2 (2) 
Linearizing non-first-order reactions 

May be a good approximation if C4 does not change very much with time, i.e. А is in excess, in which case Сао should 
not be divided by anything. 

Linearizing the non 1% order reactions may give significantly inaccurate results using Equation 14-27, which can be 
tested experimentally by recording tracer concentrations with time and using the tanks in series model for a conversion 
comparison. 


P14-2 (h) 

Figures 14.3 and 14.15 

The curves in Fig.14.3 represent the residence time distributions for the Tanks in Series model as function of the number 
of reactors. 

Given a CSTR of volume 1 (VzVj), we divide the CSTR in two CSTRs (V2=1/2). The mean residence time is 
unchanged (V/F) but the molecules going out of the second reactor will be delayed by the time (distribution) that occur 
to pass the first reactor (n=2, shift of the maximum). In the limit of infinite division (V,=0), so in the single CSTRs the 
residence time goes to zero for all the molecules (zero variance), but their summation is the mean residence time (=, 
РЕЕ behaviour). 

The model in Fig. 14.1, assumes a “faster” (channelling) reactor and a "slower" uniform reactor. There is an exit age 
distribution for the faster reactor which occurs as a distinct pulse clearly before the exit age distribution of the second 
reactor. The fraction of effluent which has been in the real reactor for less than time t shows a step up from zero when 
flow leaves from the "faster" reactor. This fraction is the fraction of flow in the “slower” reactor. When the flow leaves 
the “slower” reactor this fraction becomes one. 


The model in Fig. 14.1 is PFR and CSTR in parallel. The exit age distribution for the CSTR is a negative gradient curve, 
interrupted by the distinct exit age distribution pulse of the PFR. The CSTR will always provide a fraction of effluent 
which has been inside the reactor for less than time t, which increases with time. But when the effluent exits the PFR at a 
specified time after zero, this increased effluent is superimposed upon F(t) of the CSTR, giving a combined F(t). 
Conversion 


a 1-а 
Ар ллы 
ү y 
vi бэл Са 
Vor Cao C Aexit 


dX 
PFR mol balance: 2 = === 


Rate law: — 7, = kC? 
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мин 


Stoichiometry: liquid phase C, = Си (1 = Х ) 


2 
2™ order РЕК: id TPE 2e(1+ e)In(1 - X )+ =?Х ех 
у n )]-X 
Е-у,9 eee ee ы heu 
а а 2. 2 
E=0 
Determining @ and f: 
7 
S. 05 5 V,=25y, 
8 Уу, 
Haig] 
V у 
У =10у, 
Gives БЕЗ а 29 226 ув 
10 v, V/5S 2.5 
si pes а 


2 2 
Hence V,/v,+V,/v, =10 
Bu И = 2.57; > У, = 7.5у, 
Gives 7, = 2.5 min Т, =7.5min 
Substituting into 


oe ЕРЕШЕ ек 


э ЕС? 1-Х 


Reactor 1: 


Сл =C a(l- X,) = 2(1-0.5) = што ат” 


Reactor 2: 


с е. ; 1 
0.1*22 | 1- X, 


1 X 
3s-— —|——— | >X, =0.75 
0.1*2? | 1- X, 


С, =C,,(1- Х,)= 2(1— 0.75) = 0.5mol / ат? 
Eo tC. 1-4 0.5 


Aexit T 
2 


С ‚= 0.75то1/ dm? 
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| 


мн өн 


еб); 295075 


= = 0.625mol / dm? 
С 2 


Р14-3 (а) 


Money for buying reactors 
Using the tank in series model: 


2ра+1-44ра+1 


Second order reaction X -------------- where Da=ktCao 


2Da 
C, =C,,(1- X) хе 
Ao 
2 


7, 
Assume that 7 — 7, and that in reactors medelled as more than one tank, that 7 = —.. Number of tanks n= 5 
п о 


rounded to the nearest integer. 


Purple & white 
Silver & black 


Crimson & 
white 


Where 

Scarlet & grey: X, = 0.5, Сді-0.5 э Х, = 0.38, Сд;-0.31-» X = 0.69 

Orange ёс blue : X; = 0.43, Сді-0.57 > Х›= 0.34, Сл;=0.38— Х. = 0.27, 

Саз-0.28->Х-0.72 

Using the combination of maze & blue followed by crimson & white reactor (same overall conversion either way) 
Хі- 0.5, C4120.5 > Хо = 0.17, Сл2-0.41-> Х=0.59 

The orange & blue or silver & black reactors which both approximate to 3 tanks in series give the greatest conversion. 


P14-3 (b) 

More money for buying reactors 

Try: 

Green & white and Maze & blue: X, = 0.61, Сді-0.39 — X= 0.34, C45z0.26 X = 0.74 
Scarlet & grey and Maze & blue: X, = 0.69, Сді-0.31 — Х = 0.42, Слҙ-0.18-> X = 0.82 


Orange & blue and Maze & blue: X, = 0.72, Сл1=0.28 — X2= 0.40, C45:0.17— X = 0.83 
The highest conversion is now obtained from the Orange & blue reactor combined with the Maze & blue reactor. | 


Р14-3 (с) 

Ann Arbor, MI | 
East Lansing, MI | 
Columbus, OH | 
Urbana, IL | 


14-15 | 


Evanston, IL 
West Lafayette, IN 
Madison, WI 


P14-4 
Packed bed reactor with dispersion 
Ist order, kj=0.0167/s, ==0.5, d,=0.1 ст, 


# .001cm?/s 1-10 cm, U= 1 cm/s 
p 
pUd, 


У 
Ке = = 10 and Sc = —— no data concerning D,, 
AB 


From packed bed correlation for D, , and liquid phase region of graph, 
204, 2*1*0.1 


У = 


Gives bat = 2approx > D, = = 0.4ст? /5 
у E 0.5 
ж 
ROUES 
D, OA 
4 Р 2 
vet ele | 2) 
-Р 
la «ар exp(Pe,q/ 2)|- [ -qy exf 592) 
Ерші 
У Ре, 
L 10 
Da=tk and 7 = г = E =105 — Da=0.167 and q=1.013 
X =0.15 


Conversion X=15%. 


P14-5 (a) 


Number of tanks in series 


; : . Bo 
Assuming the Peclet-Bodenstein relation: n = £3 +1 
Where Bo = UL 
D, 
d * 
To estimate Bo , Re zt 2372 = 1000 and Sc = E ® 0.01 -2 
v 0.01 D,, 0.005 


р 
From gas phase dispersion correlation chart, "E =8 
u t 


Gives D, = 80cm? / s 
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и И 


.2*200 _ 
80 | 


Во 


#241235 
2 


P14-5 (b) 
Conversion 
Using individual reactor material balances: 
Reactor 1: 
Mol balance: X = я ла 
Е Ао 


Rate law: — r, = КС K 


Stoichiometry: С, = Си (1 -Х ! 6-0 and e=0 hence no volume 


change 


2 2 
X, С.-Х) 25*0.01 4-х,) 


УС, 0.039 
Х,-6.3661-Х,) — 0.674 
Сл = C,,(1- X,) = 0.00326mol / dm? 


Reactor 2: 
1- X,y 
Хув ЁС, - X, — X, 20.507 
У 
Cay = Сл (1– X, ) = 0.00326(1— 0.507) = 0.001607то1/ dm? 
Reactor 3: 
КС,(1-Х,) 
Х,= КС Ху) — Х, =0.387 
У 
C4, = С,,(1- Х,) = 0.001607(1 — 0.387) = 0.000985то1/ ат? 
Reactor 4: 
2 
x= RC Хај — X, = 0.305 
У 


Сл = Сл (1– Х,) = 0.000985(1 -- 0.305) = 0.000685mol / dm? 
Bounds on conversion: 


3 tanks X = Са Саз = 0.9015 


Ао 


р XS = ©. = 0.9315 


Ао 


Р14-5 (с) 

Change of the fluid velocity 
Let U=0.1cm/s 

Re=50 and Sc=2 
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Е. 


From gas phase dispersion correlation chart, — = 0.5 


u t 
Gives D, = 0.5ud, =0.5*0.1*5 = 0.25cm^ / s 
ж 
Bo 00 015200 ,, 
р, 025 
nato aqoa 
2 


The conversion is close to the one PFR 2% order reaction: 
k-25dm'/(mol:s) 

t=1/U=2/0.001=2000s 

Da=ktC,,=500 


Let U=100cm/s 
Re=50000 and Sc=2 


D 
From gas phase dispersion correlation chart, —* = 0.21 


иа, 


gives D, = 0.21ud, = 0.21*100*5 = 0.25ст? / s 
UL 100%200 
Во-------- 


- = 190.5 
D, 105 
Ti 1= SP 41=96 


The conversion is close to the опе PER 2" order reaction: 
k=25dm?/(mol:s) 

л=МО=2/1=25 

Ра=КтСдо=0.5 


Х ео = 0.333 
1+ Da 


Р14-5 (4) 


Change of the superficial velocity 


D.E 056 
d 


р 


From packed bed dispersion correlation chart, 
и 


5  Q55ud, | 0.55*4*0.2 _ 


ы € 0.4 
ж 
_ UL 4*200 _ 454 


1.1 


Bo 
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m ÀÀ— Ü9 n ÁÁ—MM MM = 


The conversion is close to the one PER 2™ order reaction: 
check 
k-25dm"/(mol:s) 


т=ИЧ=2/1=25 
Da=ktC,,=0.5 
y 80. 29933 
1+ Da 
P14-5 (e) 
Liquid instead of gas 
БУЛ: 
y 0.1 
se= ——100 28407 
D,, 5е-6 


This is off the scale of the graph for liquid phase dispersion, hence D, cannot be evaluated. 


P14-6 (a) 

Peclet numbers 

From Example 13.2 67=6.19min’ and t,75.15min 
Closed: 


2 
саны ки Жы аах тай 
іт Ре, Ре, 

Ореп: 

2 

2 

2 Еа с -> Ре, = 11.68 
іт Ре, Ре, 
Р14-6 (b) 
Space-time and dead volume 

NE Л 1) 

1+2/ Pe 


V, -т%у, = 263.8dm? 
У; = У -V, =156.2ат? 


шээс 37.2% 
20 


%deadvolume = 


P14-6 (c) 

Conversions for 1" order isomerization 
Dispersion model 

Da=kt=0.927 
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де uos -1221 
Pe, 


Х-1- 44 ехр(Ре, / 2) 


(1+4) ехр(Ре,4/2)-(1-а) ехр(-Ре,а/2) 


= 0.570 


Tanks-in-series 


2 
жа zs = 4.35 
р С 566 
(+r, KY 
P14-6 (d) 


Conversions PFR and CSTR 
PFR: X 1-7“ X-0.604 


CSTR: Х-1- ша X=0.481 
1+% 


Хь, | 222 
0.570 


Р14-7 


Tubular Reactor 

1* order, irreversible, pulse tracer test > С 2 = 65 s? and і „= 108 

For a 1% order reaction, РЕВ: X =1- е“ = 0.98 

We need т and К. There being no data for diffusivity (Schmidt number) D, and hence Pe, cannot be obtained using 
tubular flow correlations. 


Calculate 

V= 3 m * 25 dm? * (0.1 m/dm)* = 0.75 m? 

t= 0.75 m? / (3*10? m/s) = 25 s 

This is greater than tm so channeling is occurring 


Calculate, k 


fi 


k= Цех = 3.91/25 s = 0.156 87 
T 


Therefore assume closed vessel dispersion model: 
tn = T= 10 s space-time 


Calculate, Pe 
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——————€^5^^5^^—€———————— 


(1-e?* ) = 65/10? = 0.65 
t, Ре, Ре, 


r r 
Iterating — Pe, = 1.5 


Calculate, X using the measured V and v, giving т = 25 s 


[ "E | [| Е | 


Da=tk=25 * 0.156 = 3.9 


4Da 439 
а= fit = 1+ = 3.376 
Pe, 1.5 


4 *3.a76exp( 2 
X = l- ---------------------------------- <= = 0.88 


( +3.376) "MEER - [ -3.376) "EJ 


Conversion for the real reactor assuming the closed dispersion (X=0.88) model is less than for the ideal PFR (X=0.98) 


Х=1- 


"lide = —— = 258 
Vo 
У = Vp + Vs 
У; = аяу 
Note, 
TRID = 10 s = а * т, 0=10/25 =0.4 


жігі Volume 


Dead Volume 


Dead Volume = (1- о) У- 0.6 V, Vs=0.4V 
Use tm = 10s, Da = t, * k = 10*0.156 = 1.56 


4*1.56 
q = lt -2.27 
1.5 
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4%2,27 < 
Xp= l- = ST 


[ +227) es ( 7227] - [| 2211 (5722) 


Xp = 1- (19.22/58.38) = 0.67 


P14-8 (a) 
E(t): 
06 
0.4 
Et) 
lud 5 
0 


Conversion T-I-S and Maximum Mixedness Model 
Хал5=0.5 
1 


c 
n 


о 2 4 
7 =1,, = |Е@ушй = [0,25 172 + |(1—0.25-1)гш = 2min 
0 0 2 


For a first order reaction Хапг=Х 1 =] — 


а? = [Ee 71, dt = JED dt -r° = min? 
0 0 
2 


T 
n=— = 6 
б 


From the conversion it is possible to determine К at 300K: 
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Тагала ж тке hihi te ad ait вара ни he дайнд oe ули зао а eet лаа. 


-1 
k= SE -0367 min" 
n 
The conversion at T=310 K is given by: 


E E 
kao = Ка Exp ——— —————— | = 1.422 пп 
шини 28 R- ad 
R - 1.9862. 
molK 
XanzXr1s7 1 7, "m = 0.903 
1+ 2% 
n 
P14-8 (b) 
Complex Reactions 
dC 
—* = -k C,- kC, 
dT 
dC 
2 -kC,-k,C, 
ас 
de TeC 
ас 
m ин С, 


4А 1- FM) 

Ta- (-k,C, - ,C,)* (C, c, Е. 
40 = (C, - 6.) (с, - 0.) #4 
2 = -(k,C,)4 (С; -Co 20) 

=> = (БС, )+ (С; сој EE 


Where C,,=Imol/dm’ and Свс- Cc, Сро-0. 
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----г-- 


Changing variable: A=z-4 
See Polymath program P14-8-b.pol 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


0 
0.6793055 


2 
са 
cb 
cc 
cd 
F 
ki 
k2 
k3 
rc 
ra 
rb 
t2 
rd 
cao 
сро 
ссо 
сао 
t1 
lam 
Бі 
Е2 
Е 
EF 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(ca)/d(z) = -(-ra+(ca-cao)*EF) 
[2] d(cbyd(z) = -(-rb+(cb-cbo)*EF) 
[3] d(cc)/d(z) = -(-rc+(cc-cco)*EF) 
[ 
[ 


.9999999 


to 
| 


1 
ососоеьмооосоыювоювосоюоососососососоосрыо 
; = 


> 
оо>оо>оооо>ооо>»о->о»~»ооооосоомоооо 

о 

а 

-1 

‘о 

о 

о 

сл 


4} d(cd)/d(z) = -(-rd+(cd-cdo)*EF) 
5} d(Fyd(z) = -Е 


Explicit equations as entered by the user 
[1] k120.1 


4 


d 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
-0. 
0. 
4 
0. 
1 
0 
0 
0 
2 
4 
1 
1 


142158 
0181892 
1603473 
9999999 
1 

1 

1 
0142158 
1358611 


0.4965476 
25.277605 


21 k2=0.1 

3] КЗ = 0.1 

4] гс = k2*cb 

5] га = -К1*са-КЗ*са 
[6] rb =k1*ca-k2*cb 

7] t2=4 

8] rd=k3*ca 

9} cao=1 

10] сбо-0 

11] cco=0 

12] cdo=0 

13] tl=2 

14] lam = 4-2 

15] E1 = 0.25 ат 

.6] E2 = 1-0.25*lam 

17] E = if (lam<t1) then (E1) else ( if (lam«-t2) then (22) else (0)) 

18] ЕР= E/(1-F) 
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1 


оо-оосоумооон-всовосососососомосоосоосоосьн-ь 


final value 


.6793055 
.142158 
.0181892 
.1603473 
.854E-06 
al! 

21 

sb 
.0142158 
.1358611 
.0537147 


.0679305 


0.0 0.8 1.6 2.4 3.2 4.0 


P14-8 (c) 
Use FEMLAB for the full solution 
Complex reactions and Dispersion Model. 


ЕР = КС, - КС, 
dCs =k,C,—k,C, 
ат 
ас 
тен ы. 
ас 
uo 5 
P14-9 (a) 
From P13-4: 


ta =7 = E min, 07 = БЭЭ 0.159 min’ and к= 0.8 тїп! 
л 2л 


Tanks-in-series 
For a first order reaction the conversion is given by: 


From Example 14-1 


Ху = X seq = 0.447 
P14-9 (b) 


Closed-closed vessel dispersion model 
For a first order reaction the conversion is given: 


4q exp(Pe, /2) 
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0.25 = a й = 1-е) 


Pe,-6.83 
Da = tk = 0.638 


4%0. 
Pony Ы 11:25 = 1.885 
қ Ре, 6.83 


Х-0.41 


Хүү Xpis ersion 5 ee 
0.447 0.41. 1 


Referring to P14.2 the approximate formula for the T-I-S is not good approximation. 


P14-10 (a) 


Combination of ideal reactors 
The cumulative distribution function F(t) is given: 


ош] 


The real reactor can be modelled as two parallel РЕВ: 


The relative E(t) = й ó(t --7,)+ 2 ó(t - 7,) 


P14-10 (b) 


Model parameters 
For two parallel PFRs, the parameters are Тү::10 min and 15230 min, 


P14-10 (c) 
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Conversion 
Fag; =1/4Fap and Ғар;-3/4Бар „second order, liquid phase, irreversible reaction with k=0.1 dm? /mol-min'! and Сл=1.25 
mol/dm? 


Ca = Ao MCI E = 0.556то1/ dm? 
1+k7C,, 
kt,C 
Сл = Сл, -— C49 С, = 0.263то/ dm? 
1+kt,C ло 
VC ao УС УС, 
Х = = 0.731 
УС 2, 
Р14-11 (а) 
From P13-6 
t = 5min 
1. 
жо Та = t, and 
„ de. 25 


1 . =" 
Е(Ә-4--т-(-2,)4, 5152, 27% 
n 
0 otherwise 
Tanks-in-series 


2 
T t 
n=— = 6 (Asin ! 
о 
P14.8) 
Second order reaction, liquid phase, kCA,-0.2min'! 
Са — Chon = 
2 
КС лош 


Solving for Сдош 


Six-Reactor System: т=т/6 
The Damkóhler number is given by Dag- КСлоте=0.167 
- Lr fL 4Da, у 
Da, Шеге ПЕН ҮНЭЭ ДИ 
2 
with i=1..6 
In the following table the exit concentrations for each reactor are reported: 


P14-11 (b) 


Peclet number 


Ul 
The Peclet number Pe, = — 

D, 
For Closed-Closed System (no dispersion at the entrance and at the exit of the reactor P13.6) 
e? 


Ре,=10.875 

Р14-11 (с) 

Conversion 

Linearizing the 2" order according 14.2 (g): 
-r,-kC; 1: С,=К'С, 

it is possible to obtain an approximated solution; 
k'= pee =0.1min™ 

Da = tk'= 0.5 

Ре,=10.875 (from Part(b)) 


— uc 
q= ieee i 2> = 1.088 
Pe, \ 710,875 


4qexp(Pe, 12) 


(1 + а) ехр(Ре,4/2)- (1 - ау exp(- Pe, 41 2) 
X-0.382 


X =l- 


Full solution can be obtained with FEMLAB 


P14-12 (a) 

Remembering the physical meaning of the Peclet number: 

Pe = rateof transportbyconvection _ Ul 
' rateof transportbydiffusionordispersion D, 

m X bip = X prn 


For a first order reaction: 
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4q exp(Pe, 12) 


X =1- m (1) 
(1-4) ехр(Ре,4/2)- (1—4) expl- Pe,q12) 
Pe, 
Da = tk 


For Ре,>>1 (or for small vessel dispersion number) 
2 3 
4Da Da Da Da 
а = fl+— =1+2——-2 — | 80 — (2) 
Pe, Ре, Ре, Ре, 
1 2 
Introducing (2) into (1) and neglecting terms 23 


е 
4. ( + ану) 
Р 


r 


«(ai BUD) 
| Pe 

"Lo 

P14-12 (b) 


ве -Ет A Pe 
X prr =1-е ^ and X piore» =1-е | 


Іп order to achieve the same conversion: 


kt is, : 
KT peg = KT pig, — | ші. 
(2224 УВ -1- (os). ава. 
T Disp V Pe, U? 
P14-12 (c) 
Defining: 
Ре, = m e 0.1 

D, 
1 
44 өз Pe 2) / | 

ola) шыш эс НА. | 


(1 + а) ехр(Ре, ЕЗ" /2)= (1 = а) өң- Ре, 1-р / 1 


РЕК РЕК 
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+ AT pep k 
Pe 


ғ 


4-1 


The following figure shows the solution as function of Ктррр for different values of I/lprr. 


P14-12 (d) 


Starting from 14.12.1 and subtracting the conversion for a PFR: 


In Ca = kr 
Pe 


Арив 


For small deviations from the plug flow: 


P14-12 (e) 


According Р12.3 dispersion doesn’t affect zero order reaction. 


P14-13 

From P13.19: 

t=10 min and 67-74шіп? 
for 0St €3 E, (t) = -1.675-1071* € 1.1355-10 77? — 4.749210? 2? 
49.950510 ?; 
for 3 €t € 20 Е, (1) = -1-8950-10 91^ - 8.720210? ? —1.1739-10? 2? 


E(t) = 4—1.7979 -10 * t 0.092343 


for 20 € t € 60 E, (t) 21.2618-10 ?;* – 2.4995 10791" 4 1.8715-10 ^£? — 


6.3512 -10 °t 0.083717 
fort>60 0 


P14-13 (a) 
2nd order, kC45-0. 1min", Cag=1mol/dm’, Segregation Model 
Segregation Model 


Х = [х (t)E(t)dt 


Where X (t) = n 
Ao 


See Polymath program P14-13-a.pol 
* 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 70 70 
Xbar 0 Е 0 0.4224876 0.4224876 
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kCao 0.1 0.1 0.1 0.1 

Е1 0 -2.436Е+04 0.0836855 -2.436Е+04 
Е2 0.092343 -21.261016 0.092343 -21.261016 
ЕЗ 0.083717 1.949Е-05 0.083717 0.0017977 
Е4 0 0 0 0 

E 0 0 0.0836855 0 

X 0 0 0.875 0.875 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = ЕХ 


Explicit equations as entered by the user 
[1] kCao = 0.1 
[2] E1--0.0011675*t^440.011355*t^3-0.047492"t^2--0.0995005*t 
[3] E2 = -1.8950*10^(-6)*t^44-8.7202*10^(-5)*t^8-1.1739*10^(-3)*t^2-1.7979*10^(-4)'t«0.092343 
[4] ЕЗ = 1.2618*10^(-8)*t^4-2.4995*10^(-6)*t^34-1.8715*10^(-4)*t^2-6.3512*10^(-3)*t-0.083717 
[5] E420 
[6] E=if(t<=3)then(E1)else(if(t<=20)then(E2)else(if(t<60)then(E3)else(E4))) 
[7] X=kCao*t/(1+kCao’t) 


P14-13 (b) 
2nd order, КСло=0.1 min !, Сло=1 mol/dm, Maximum Mixedness Model 


aX Ta, E(A) 


D c X 
dA С, 1-Е() 


Rate Law :— Г, = КС, 
С, -С,(-Х) 


r, = КС (1-Х) where k-0.1 dm? /mol min 


-А zkC,(- Xy 

Ao 
dF ш--Е (2) where z=60-A 
dz 


See Polymath program P14-13-b.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 60 60 

X 0 0 0.4773052 0.4047103 
F 0.99 -0.010344 0.99 -0.010344 
Cao i 1 1 1 

lam 60 0 60 0 

Са 1 0.52273 1 0.5952897 
к 0.1 0.1 0.1 0.1 

ха -0.1 -0.1 -0.0273247 -0.035437 
E4 0 0 0 0 
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-1.284Е-04 -1.284Е-04 0.0832647 0 


-9.8680524 -9.8680524 0.092343 0.092343 
2.228Е-05 1.806Е-05 0.083717 0.083717 
0 0 0.0832647 0 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 
21 


11 


[9] 


d(X)/d(z) = -(ra/Cao-E/(1-F)*X) 
d(F)/d(z) = - 


Explicit equations as entered by the user 


Cao = 1 
lam = 60-z 
Ca = Cao*(1-X) 


] К=.1 
1 га = -к*Са^2 


E4=0 


1 E1--0.0011675*lam^440.011355*lam^3-0.047492*lam^24-0.0995005*lam 


E2 = -1.8950*104(-6)*lam4+8.7202*10%(-5)*lam‘3-1.1739* 10/(-3)*lam2-1.7979*10“(-4)*lam+0.092343 
ЕЗ = 1.2618*10^(-8)'lam^4-2.4995*10^(-6)*lam^8--1.8715*10^(-4)*lam^2-6.3512*10^(-3)*lam4-0.083717 


[10] Е = if(lam<=3)then(E1)else(if(lam<=20)then(E2)else(if(lam<60)then(E3)else(E4))) 


(Check F(t)) 


P14-13 (c) 


Tanks in series and Ist order reaction with k=0.1min" 


2 


T 


n=— =1.35 


For Ist order reaction is acceptable a non integer value of n for calculating the conversion 


X с ЗШЕ 30 = 0.527 
| + 2) 
п 
Р14-13 (4) 


Dispersion models апа 181 order reaction with k=0.1min" 
Peclet number open system 


2 


Ав Pe = 4.906 


Ре Pe? 


FEMLAB application 
Peclet number closed system 


E _ ара 
ш Ре, 


К 44 exp(Pe, / 12) 
(+4)? ехр(Ре, 412)-1- а) exp(- Ре,41 2) 
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Da = tk 


X=4.59 


P14-13 (e) 


Dispersion models and 2nd order reaction with k=0.1 dm//mol:s and C497 1mol/dm? 


Conversion 
Linearizing the 2* order reaction rate according 14.2 (g): 


= n = кеј kM, = РС, 


it is possible to obtain an approximated solution; 


k'= с5а = 0.055" 
Da = tk'= 30 
Ре,=0.98 (from Part(b)) 


PEN = 
gabe (1-55) =11.111 
Pe, 0.98 


X=]-— 4qexp(Pe, 12) 


X=0.998 


Full solution can be obtained with FEMLAB. 


P14-13 (f) 


Two parameters model (backflow) 


For tracer pulse input 


ас, 
у, rs = Су Су 
ас, 
У, 2 = v Cr — VC py 
Bcc 
a= H vem == and T= 12 


17 
Vo 0 
We arrive at two coupled differential equations: 
For tracer pulse input 


ас 
a = В(С;, € Cj 
(С, Е Cry ) 


See Polymath program P14-13-f.pol 


dC 
1- 2 — 
iae 
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(1+4) exp(Pe,q/2) - (1-4 qye xp(- Pe 412) 


P14-13 (g) 


Two parameters model models and 2nd order reaction with k=0.1 dm’/mol s and C49 1mol/dm? 
2 
Съ + ВС -LCa = КОС 
2 
ВС – BC gg Ca = КСА; (1 2 арг 


Х Сот Ca; 
Со 
Р14-13 (һ) 


Table of the conversions = 
X1 LS Хмм x Dispersion X iwoparameters 
0.527 0.405 0.422 0.5 ? 


P14-13 (i) 

Adiabatic reaction with Segregation Model 

2nd order, kCao=0. 1min", Слог 1mol/dm?, Segregation Model 
Segregation Model 


ox 
тар = КС (1 a х) 


T = 320 + 150Х 
k =0.1* exp(45000/8.314 # (1/320 - 1/T)) 


x = [x (eta 


See Polymath program P14-13-i.pol 


——— M M————————— ———À—————————————— M————————————————————————————— 


P14-14 (a) 
Product distribution for the CSTR and PFR in series 


A, RT 
We can write this linear system of 5 equations for the 5 unknowns ( E, ; E: 5 Е, 4 E, 43 A, ): 
ku BEB 


in—--E,-E,- 
ом n 
PES 

In = Ep -En = 
Кз 
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5 
zu 
H 

Il 

4A 
| 

С 
| 


Ка 

ЕЕ. 
ky А 

па а. а Е,-Е, 
Ку А, 

in 3 = Е,-Е, 
kz A, 


P14-14 (b-d) No solution will be given at this time. 


P14-15 (a) 


Two parameters model 


Omin Xt «10min С()-10-(1-ехр(-0.Ш)) 
10 тт X: C(t)-5-10-(I—exp(-0.17)) 


Omin «1 «10 шт F,(t)= 5 .(1— exp(-0.17)) 


10min<t Е, (1) -142 (17 exp(-0.17)) 


| 

| 

| 

=1/3 | 

F(t) | Ed || | 
| 

| 


t(min) 


The F (t) can be representative of the ideal PFR and ideal CSTR in parallel model: 
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VeFR=BVo 


a= Fractional volume 
B= Fraction of flow 


1 1 
==, а=>—, t=10min 
B 3 3 


V а ; 1- 1 
Трек = Wl = 87 =10тіп Tes = (a, =10min 
P14-15 (b) 
Conversion 


2™ order, v,-1 dm’/min, k=0.1dm°/mol-min, Cag=1.25mol/dm? 
Balance around node 1 

„С prr + (1 = ВјуСств = vgC4 

For the PFR: 

Second-order 


Xon = Сло — Срек _ арк _ 0.556 
Ёс C 4o 1+ рар 000 


Where Da ppp = kG ay = 1.25 


C pre = 0.556mol / dm? 
For the CSTR: 


_ Сло = Ссзтк _ (1+2расзв)- ү1--4Оасв _ 
C до 2Рассть 
1-а 
Where Dacsrp = k — TC до = 1.25 
1-2 
Coste = 0.725mol | ат? 
Сао — СА 


AO 


X= = 0.465 
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PVE IO cs 


P14-15 (c) 
Two parameters model 


Отіп <; <10тіп F,()-0 


10тіп<: F,(t)= 624 ~ exp- [0.2 -10)]} 


F(t) 


The F (t) can be representative of the ideal PFR and ideal CSTR in series with a bypass between them: 


уы-Вуо 


Qc Fractional volume 
B= Fraction of flow 


1 3 40 . 
=~, а=—, T=—min 
B 3 4 3 
V, 1-а . 
Tux за um Tem = (rc ий 


Conversion 

2™ order, v,-1 dm?/min, k-0. 1dm?/mol-min, Cao=1.25mol/dm? 
Balance around node 1 

„С, + (1 =p ју Coste = BV oC pre + (1 -£ WoC ers = УСА 
For the РЕВ: 

Second-order 
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Хэг Сав Сш... Башк. уаш 
Cao 1+ Da peg 


Where Da pre -КОТС,, =1.25 
C pee = 0.556mol | ат? 


For the CSTR: 


Core -Cos _ (1+ 2Dacsre )- \1 + 4Dacsrp 29 


Хсяв = шин эр 
Acstr 


977 


Where Растр = Ер "Он -0.278 


Coste = 0.453mol | ат? 


Cao СА 
А0 
Where C4 = BC ppp + (1— В)Ссс = 0.487то1/ ат? 


X= = 0.61 


P14-16 
ЫГ 
=. 
rmm 
G) 4) 
CSTR 
Bos CTR 
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P14-17 


The presence of a minimum (run2) imply the presence of a radial temperature profile that effects the reaction rate and 
determines the deviation from the concentration profile given by Eq. (14.51). 


The enthalpy balance allows the identification of the dimensionless thermal parameters: 


Defining 
LE ee pu ape. 
R L T С 0 
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ip— 2 42 
AT 1 дф 45) oo 098 өсе ти" АН, =0 


КС,|Ф 0g Г.) 92 дд C 
9-0 Е wed 200540) 
дф 9 


. AR 
where Bi = —— ratio convection-radial conduction 
7 


ratio conduction-enthalpy flux 
КС | 


АН 


reac 


САТ, 


"p" coolant 

Ра(9) = k(8)C^,7 
A parametric study of the numerical solutions of Eq.(14.51) and the enthalpy balance would give the "exact" conditions 
for a minimum in the concentration. 


dimensionless adiabatic heat 


P14-17 (a) 
A decrease in the thermal conductivity of the reaction mixtures determines an increase of the bulk fluid temperature and 
can determine a minimum in concentration. 


P14-17 (b) 
Overall heat transfer coefficient increases: 
For a given flux this determines less deviation from the isothermal case: no minimum 


P14-17 (c) 

Overall heat transfer coefficient decreases: 

For a given flux this determines more deviation from the isothermal case 
and the possibility of a minimum. 


P14-17 (d) 

The coolant flow rate increases: 

The external heat transfer coefficient increases, this implies a lower wall temperature and a resulting lower temperature 
in the reacting mixture and less deviation from the isothermal case: no minimum 


P14-17 (e) 

The coolant flow rate decreases: 

The external heat transfer coefficient increases, this implies an increase in the wall temperature and a resulting higher 
temperature in the reacting mixture that can determine a minimum in the concentration. 


Below shows how to use FEMLAB for this problem. 


Femlab Screenshots for the baseline case 
(1) Domain 
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E] Axis equal 


"pz limits = = 


p 


үші” 04 — _ 


2-2 


ғ тах: 02 ? 


(2) Constants and scalar expressions 
- Constants 


Auto 


r phi limits: === 


- Scalar expressions 
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y MÓ—— 


777 Kedü*exp(dHrxiR*(1/303-1/T)) 


САҚ 0 
i 


(3) Subdomain settings 
- Physics 
(Mass balance) 


“Equation 


| V«(-DVcAscAu) = К. CA = concentration 


«Subdomain selection 


4 E] Select by group 


[¥] Active inthis domain | 


(Energy balance) 


Library тавган | 


| (D anisotropic 


; Quantity Value/Expression Description 


Ж ћ “| Time-scaling coefficient ^ | 


$) D isotropic рит 12 д 1 Diffusion coefficient 


7711 Diffusion coefficient 


| Reaction rate 
БАРАВ r-velocity 


ВЕБ | | zevelocity 
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А 


(КУТ + ZNN p= Q: РС рше, T= temperature 


~Thermal properties and heat sources/sinks 7-7 


escription 
ime-scaling coefficient: 


+) ковоғоріс) Ке hermal conductivity 7) 


€ (anisotropic) hermal conductivity | | 


- Initial Values 
(Mass balance) сА(0) = cAO 
(Energy balance) T(t0) = TO 


- Boundary Conditions 
@ r — 0, Axial symmetry 
@ inlet, cA = сА0 (for mass balance) 
(for energy balance) | 
Ё Boundary conditions ae BE НИЕ 


| Boundary condition: Heat flux. 


| Quantity E Value/Expression Description 
E fho*Cp*T*uz | | Inward heat flux 


| 
1 
| 
| 
| 


| 
i 
| 
| 


шон о сэн 


@ outlet, Convective flux 
@ wall, Insulation/Symmetry (for mass balance) 
(for energy balance) 


" 


Quantity Valuexpression Description 
9% -Uk(T-Ta) | Inward heat flux 


i - ТЕН Хамаа | Temperature 


| 
| 
р 
| 
| 
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Р14-18 


Vary the Peclet number and the reaction order in laminar flow (Example 14-3(с)) 


Da = ЖС" = | aera 
U, 
Pe=U,L/Da,z, 
L = 6.36m 
R =0.05m 
Е = 0.25ат? / mol.min 
U, =1.24m/min 


Сл = 0.5mol | dm? 
D, = 1.6x10? m? / min 


n Pe Conversion Parameter 


0.1 1.04x10? / 
Attempt to evaluate non- 1.04x10 / 
integral power of negative 1.04x10? / 
number! L04x105 | / 

= | 1.04х10? и 
0.5 1.04х10 / 
Attempt to evaluate non- / 
integral power of negative / 
number! / 


__ 1.04x10 
1.04x10? 


1.04x10! 

__ 1.0410? 
1.04x10° 

_ 1.04x10' 
1.04х107 


__ 104x10* 
___ 1.04х10? 


1.0410 0.270 
0.265 0.01*Dap 


0.219 1005 Dag 
0.218 10% ав 


0.211 


0.203 


1.04х107 


Conversion 


(1) With the increase of the reaction order n, the conversion will decrease. The conversion will also decrease when 
the Peclet number increases. 
(2) When nis less than 1.5 and Pe is 10°, the diffusion in the system becomes more important. 
Below show FEMLAB screenshots useful for this problem. 


Femlab Screenshots 
(1) Domain 
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Axes/Grid Settings 


[У] Auto 


(4) Constants and scalar expressions 
- Constants 


- Scalar expressions 


ee m] 


| у. 


(5) Subdomain settings 
- Physics 
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ашыр 


| ЕШ Diffusion... 


ЕСТЕ ШТІ 


- Initial Values 
(Mass balance) сА(10) = cAO 


- Boundary Conditions 
@ r=0, Axial symmetry 
@ inlet, 
Sender. 


Concentration 


n UNE “| 
| Inward: flux | 
их | 


@ outlet, Convective flux 
@ wall, Insulation/Symmetry 


P14-19 (a) 
First order reaction 
Input Parameters: 
п=1 
R=0.05m 
L=6.36m 

k =0.25/ min 


U, —1.24m/ min 
Сл = 0.5mol / dm? 
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П,,-7.6х107т? / min 


Conversion: 
xA= 0.687 @ Open-vessel Boundary: —Ni-n 22*UO*(1-(y/Ra)^2)*CAO 
хА= 0.726  Close-vessel Boundary: -Ni'n =U0*CAO 


Conversion: 
xA= 0.755 (9 Open-vessel Boundary: Мп 22*UO*(1-(r/Ra)^2)*CAO 
ХА 0.778 @ Close-vessel Boundary: —Ni-n =U0*CAO 


I. Variation of Da number 


Damkohler number/ Da Conversion Parameter 
Closed-vessel Open-vessel 


0.287 
2*U0 
0.755 00 

0.870 0.862 _ 

— 0930 0908 — 

0.964 0.964 


II. Variation of Pe numbet _ 


Conversion 


Closed-vessel 


0.781 0.781 
0.781 


0778 | 


Peclet number/Pe 


1.04е3 
1.04е4 


IIL. Femlab Screen Shots 
(1) Domain 


E] Axis equal 
;ir-z limits s Hi phi fimits 


[¥] Auto 


Л ИНИ 


(2) Constants and scalar expressions 
- Constants 
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- Scalar expressions 


(3) Subdomain settings 


- Physics 


Constants 


mum 


Settings - Convectio 


D isotropic 


j^ 


D anisotropic 


1 velocity 


1220 z-velacity 


n and Diffusion (Mas. : 


ws 
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- Initial Values 


(Mass balance) cA(t0) -сА0 


- Boundary Conditions 

@ r=0, Axial symmetry 

© inlet, Flux № = 2*uO*(1-(r/Ra)^2)*cAO0 : Open-Vessel Boundary 
Flux № = u0*cAO : Close-Vessel Boundary 

@ outlet, Convective flux 

@ wall, Insulation/Symmetry 


(4) Results 


_(Open-vessel Boundary) 


у MLAB pO О а on and D 4 


8 o 
Б 


[Fie edt Options D 
оғы: ња 


ics: Mesh. бане >Ровіргос 


[Baal а 


i D o 


? 
i 


m 


005 


Ga а И ВЫ Г 
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045 


52 


015 


ot.: 
ме: 00936 


[Memory: (15.9:/16.8), 


бешоо 


Р14-19 (Ъ) 
Third order reaction with k*C?,5- 0.7 шиг! 
яг Ї. n— 
Ра = ЖС = КС" 
0, 
Ре=0,11р,, 
Input Parameters: 
n=3 
R=0.05m 
L=6.36m 
k = 2.8ат? /mol.min 
U, =1.24m/ min 
С, = 0.5mol / dm? 
Ра = 7.6x107 т? / min 
I. Variation of Da number TR ES 22 | 
Damkóhler number/ Da ЕЕ Conversion Parameter 
А Closed-vessel Open-vessel — — 
_ 0235 . 0381. 0.253 
051 ____ 0.466 0.375 
EE 17 0.560 0.506 
203 2 . 06655 — 0.628 
406 .— — 220.741 | 0.730 _ 
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8.12 0.813 0.809 00/4 
16.24 0.867. 0.865 00/8 


IL. Variation of Pe number 
Peclet number/Pe 


Conversion Parameter 
Closed-vessel 
0.650 | ) 


0.617 
0.615 0.01%Плв 


(c) Half order reaction with k= 0.495 (mol/dm?) "min ! 


Input Parameters: 
n=1/2 
R=0.05m 
L=6.36m 


k = 0.495(mol / dm? у > min! 


U, -1.24т/ min 
С, = 0.5mol | dm? 


D, =7.6х10 m? / min 


.I. Variation of Da number 
Damkóhler number/ Da 


Ра = ЖС" = КС 
0, 
Ре = 0,11 ад 
2 - Conversion "Parameter 
Closed-vessel 
0.432 8*U0 
0.713 4700 ___ 
0.959 200 ___ 
м os 00 
/ 00/2 
E 00/4 
/ U0/8 


Parameter | 
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(d) The radial conversion profiles for various order of reaction 


(1) First order 
п=1 
L=6.36m 
R=0.05m 


k =0.25dm? / то]. пт 
U, =1.24m/ min 


С, = 0.5mol | dm? 
Dj, = 7.6x10? m? / min 


I. Open-vessel: 


08 
07 
06 


0.6 


93 
02 
01 


0 0005 001 0015 002 0025 003 0035 004 0045 005 
r 


Note: 1: zz 1/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


II. Closed-vessel: 
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ч t prm 
ТЭМ 


a 
1 1 шылы ОНИЕ ЕСЕН ое Ды 1-4 
0 0005 001 0015 002 0025 003 0035 004 0045 005 
r 


Note: 1: z= 1/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 
Something is not correct with z= L/10 because of the FEMLAB! 


(2) Second order 

n=2 

R=0.05m 
L=6.36m 

k = 1.4dm? / mol. min 
0, =1.24m/ min 
Сло = 0.5mol | dm? 


Ы,,-7.6х107 m? / min 


I. Open-vessel: 
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08 


07 


06 


04 


03 


02 


о 0005 001 0015 002 0025 003 0035 004 0045 005 
r 


Note: 1: z= 1/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


II. Closed-vessel: 


1 0005 001 0015 002 0028 003 0035 0.04 0045 005 
r 


Note: 1: z= L/10; 2: 2=31/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


(3) Third order 
n=3 
R=0.05m 
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L=6.36m 
k = 2.8dm? / mol. min 
U, =1.24m/ min 


С, = 0.5mol | ат? 
D, = 7.6х10° m? / min 


I. Open vessel: 


08 
05 
Roa 
03 


02 


002 0025 003 0035 004 0045 005 
r 


Note: 1: z= L/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


0 0005 001 0015 


II. Closed- vessel 
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————— 


| 
H 
| 
i 
| 
| 
| 


0 1005 001 0015 002 0025 003 0035 004 0045 005 
r 


Note: 1: z= L/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


P14-20 (a) 


Higher Peclet number 
Curve 1 (“closer” to the one of an ideal РЕВ) has a higher Peclet number, because the cumulative distribution is more 
concentrated around the mean residence time. 


P14-20 (b) 


Higher dispersion coefficient 
Curve 2 has a higher dispersion coefficient: a higher Peclet number corresponds to a lower dispersion coefficient. 


P14-20 (b) 
Large number of Т-1-5 


Curve 1: Increasing the number of T-I-S corresponds to increase the Peclet Number (i.e. Bo=2(n-1)). 


P14-21 (a) 
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„== 


V, y 
F(t) and E(t) curves for @ = — = 0.4and B == 
У Vo 
The analytical expression for E (t) is given by: 
Bot) і<т 
E(t) = erat 2 
(1-8) — — із? 
7; 
Where: 


aV 1 


- -Vi ES E 
ТТЫ = 29 -*) (ү, Б 


_ ЩА _ (-ау 3 
Т, =Тсяв = ga -%) (1-0), 229 


0.2 
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му 
Vi= aV 


E(t) 
0.5 
0 : 
бр 2 4 6 8 10 
Integrating we can obtain the analytical expression for F (t): 
В т< 2 
es 36) 
те (је o t22 
2 
1 
1-(1- 8ye == 
| 
0.5 | 
| 
| 
6=0.2 
0 2 4 6 8 10 
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P14-21 (b) 

Conversion 

2" order, kC4,=0.5min", t=2min 
Balance around node 1 

(1 Е Pv Coste + 5С, = С, 
For ће PFR: 

Second-order 

Со-Сык. Раррк 


= = 0.333 
C 40 1+ Da pgs 


X ppg = 


a 
Where Пара = КС 720,5 
еге LIO peg Ao = B) 
КС per = 0.333 min! 


For the CSTR: 3 
Corr Соз _ (1+ 2Dacsre )— 1+ 4D acsrp = 0.268 


1- 


Xcsrg = 


kCesrr = 0.366 шіп”! 
КСА B (1 Ян B)kCcsrp х ЁС, = (1 ш BC Ber + ЕКС „о = 0.393 min! 


KC до ын КС, 
In absence of bypass (0-0) the conversion would be X=0.245 | 


P14-22 


Two parameters model 
A possible two-parameter model is the РЕК with Bypass (vy) and Dead Volume (Vp) 


међу 
=» Vj-aV 


Where уушиг, V=2m?, а=У /У=0.5, В-уы/уо-0.5 and t=V/v,=2min 
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To evaluate the conversion we write a balance around node lon species A: 


(1 z Ву, Сьв + Бу С, = УС, 

PER, 2” order, liquid phase 

r, =—kC,C, 

Where k=1.5 m?/(kmol-min) and С, = Cpo = 2mol / dm? 


X _ Са” Срев __РБарев (957 
FER С до 1+ Da ppr 
а 
Where Раррр = ЕС, CA = 6 
1-2) 


Сър = Сл, — X prrC A, = 0.286mol / dm? 


C, = (L- В)Сьрк + ВС, = (1– B)Cppe + BC yy = 1.143mol / dm? 


Cao “СА 


X =- = 0.429 


С 4o 


0.1 


E(t) 


m 10 20 


t (min) 
By definition: ГЕ (t)dt =1 
0 


ж 
a зерен 


[eoa - 

0 

For a triangular E(t): 1 = CU 
Е(0) 


The analytical expression for E(t) is given by: 
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For 0<t<t, E(t)= a Et 


f 
Fort>t, E(t) -0 


P14-23 (a) 


Mean residence time 


es f 3 271 2 2 

1 -0. 3 : : ud 

t, = [Е(гуа = BA ЫР E 052 болц 
2 oV ОА 3t, 2 As 


і t 
(For a triangular E(t): 1, = 2) 


Variance 


а? = 129) -„) dt = 


ћ 0 1 0 18 0 ТЕ 11-20 min 
ино par =| ——+— -Ë 
f 4 з | 


– 6.67? = 222 min 


14,0445 . 0120 
=-——t + == 
4 3 12 


Assuming closed-closed system: 7-1, 


P14-23 (b) 


Peclet number 


And Pe, = 0 


P14-23 (c) 


Tanks in series 


72 


в? 


=1 


п = 


The triangular E (t) can be interpreted as an approximation for t<<t of a CSTR where the continuity impose E(0)*t=2/3 | 
instead of 1. | 


P14-24 
The F(t) con be representative of a CSTR in parallel with two PFRs: 
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| ний 47 


vivo 224, 


nodel 


First order reaction 


Ideal PFR Ideal CSTR Ideal laminar Segregation Dispersion Tanks in series 
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